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ABSTRACT 

An experimental investigation has been carried out to study the heat 

transfer in a two-phase two-component mixture flowing upward inside 

a 1" double pipe heat exchanger. The heat transfer coefficient was 

measured using either air to lift the liquid (air-lift system) or 

a mechanical pump. 

The heat transfer coefficient results have been extensively studied 

and compared with other workers' results. An attempt was made to correlate 

the present heat transfer data in dimensionless correlations. 

Possible factors affecting the two-phase heat transfer 

coefficient have been studied with special attention being given to 

the fluid properties, particularly the liquid viscosity. Experiments 

were also carried out to investigate the effect of solid particles 

added to a liquid flow on the measured heat transfer coefficient. 

The present investigation was carried out using air as the gas-phase 

ranging from 2x 10-5 up to 80 x 10-5 m3/s. Liquids used were water 

and glycerol solutions with viscosity ranging from 0.75 up to 5.0 

C. P. and flowrates between 4x 10-5 and 25 x 10-5 m3/s. 

Void fraction and pressure drop were also measured during the 

heat transfer process. 

Flow pattern in gas-liquid mixture was investigated in a 

perspex tube of identical dimensions to the heat exchanger tube. 
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1.1 Background 

Two-phase flow is the simultaneous flow of liquid and a gas 

(two-component) or a liquid and its vapour (single-component), with 

or without heat transfer. This is of great importance in many 

industrial applications, such as in nuclear reactors, rocket motors, 

oil and gas pipelines and many forms of chemical process equipment. 

Although heat transfer in two-phase, single-component flows 

(boiling and condensation) is more important in practical applications, 

it is a complex phenomenon affected by many variables. Because of 

this complexity, several investigators (e. g. Verschoor & Stemerding 

(1959) and Ueda (1974), have sought to improve the understanding of 

heat transfer in two-phase flow in general by investigating this 

phenomenon in two-component flows. 

The two-component system is attractive mainly because, in contrast 

with the one component system, (a) the gas-phase rate of flow is 

independent of the rate of heat transfer and can be accurately controlled 

and measured (non-evaporating), (b) the flow rates of the two-phases 

do not change along the flow channel and (c) because of the independent 

control of the properties of the two phases. 

While a considerable volume of literature on the hydrodynamic 

aspects of two-phase flow exists, only a few investigators have dealt 

with heat transfer in two-phase, two-component flow in vertical 

tubes. 

Data on the effect of fluid properties on heat transfer are 

scanty; in fact the liquid viscosity is the only fluid property which 

has received extensive study of its effect on heat transfer. 

The overall investigation considered in the present work consisted 

of the following topics: 
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1) Study of single-phase heat transfer, the acquisition of data 

and comparison with existing theory. This was a necessary step 

because an attempt has been made to extend some of the single-phase 

theories to the two-phase flows under consideration. 

2) Two-phase heat transfer study using air-water mixture with 

water being lifted by air (air-lift system) or by the use of 

a pump. In addition, fluid properties have been considered and 

a study of heat transfer in air-viscous liquids have been 

presented. 

3) Observation and measurement of flow patterns, pressure drop 

and void fraction. 

4) Two-phase liquid-solid heat transfer study; study and analysis of 

heat transfer coefficients. 

In order to obtain the required data, a two-phase experimental 

facility was designed and constructed. It consisted of a heated vertical 

tube preceded by a quick closing valve and a mixing chamber. The 

main independent variables were liquid rate (or submergence in 

the case of air--lift pump) and gas flow rates and the fluid properties. 

The observed dependent variables were pressure drop, void fraction, 

flow patterns and the heat transfer coefficient (h. t. c. ). 

1.2 Purpose and Scope 

In summary the purpose of the present study is: 

1) to present experimental data on the effect of air and water 

rates on the flow patterns, pressure drop, void fraction and 

h. t. c. in two-phase mixtures; 

2) to collect experimental data of the above variables for an air-lift 

Pump; 

3) to attempt a qualitative explanation of the effect of liquid viscosity 

on the variables stated above; 
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4) to correlate two-phase h. t. c. and test the generality of the proposed 

correlations. 

1.3 Layout of the Thesis 

A review of the literature on forced convective heat transfer, 

the principle of the air-lift pump and hydrodynamic aspects in two- 

phase mixture is given in Chapter 2. The description of the apparatus 

used and experimental equipment and procedure are given in Chapter 3. 

Chapter 4 contains the results of the air-lift system 

while chapter 5 contains the heat transfer results in pumped liquid- 

gas mixtures. 

Hydrodynamic results are presented in Chapter 6. This chapter 

contains the results of pressure drop, void fraction and flow patterns 

in gas-liquid mixtures. 

Major conclusions together with suggestions for future work 

are presented in Chapter 7. 

Supplementary material together with the tabulated results 

are given in the appendices. 



CHAPTER TWO 

LITERATURE SURVEY 
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2.1 Introduction 

A review of literature in two-phase two-component flow in 

vertical tubes is given in this chapter. Because the present 

investigation is concerned with heat transfer in two-phase flow, the 

review will concentrate mainly on this subject. A recent review of 

heat transfer was given by Mishiyoshi (1978) and Foumeny (1985). 

The air-lift pump theory and main factors affecting its efficiency 

and capacity will also be discussed briefly. A detailed review on 

air-lift pumps, however, was given recently by Foumeny (1985). 

Flow patterns, void fraction and pressure drop in gas-liquid 

mixtures are reviewed briefly because they are related to the heat 

transfer in two-phase mixtures. 

Detailed descriptions of these topics are found in many books 

such as that of Chisholm (1983). 

2.2 Heat Transfer in Two-Phase Two-Component Mixtures 

Heat transfer in two-phase single-component mixtures (boiling 

mixtures) has been extensively studied in the literature, but little 

attention has been given to heat transfer in two-phase, two-component 

mixtures with essentially no evaporation. A review of heat transfer 

in gas-liquid mixtures flowing co-currently upward inside vertical 

tubes is given in this section. 

The review includes both air-lift systems and pumped liquid/gas 

systems. Less attention was given to systems with liquid being almost 

stationary (bubble columns). 

Dimensionless correlations for the calculation of the heat 

transfer coefficient (h. t. c. ) in two-phase mixture which have a 

similarity with the well known single-phase correlations are listed 

in Table 2.1. The physical configuration of the most important work 

described below are summarised in Table 2.2. 
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Only major conclusions and observations given by previous 

investigators are given below. Correlations derived by other 

investigators will also be presented here. 

In 1951 Verschoor and Stemerding noticed that the increase in 

volumetric air/water ratio resulted in an increase in h. t. c. at 

constant liqud rate. A local maximum in two-phase h. t. c. is found 

in slug-flow regime. At high gas/liquid rate ratio, the h. t. c. 

reached a maximum in the annular dispersed regime (Fig. 2.1). 

Gose et al (1957) tried to simulate nucleate boiling by 

injection of gas through the porous boundary into a liquid flow. 

Supporting the results of Verschoor and Sternerding, they found that 

a small amount of nitrogen injection enhanced the h. t. c. considerably 

and the greatest effect took place at the low water rates. They showed 

that this phenomenon was anticipated because of the belief that the 

high h. t. c. was caused by violent agitation of the boundary layer 

by gas bubbles as they moved from the porous surface into the core 

of the fluid. 

Croothuis and Hendal (1959) found a similar trend of the effect 

of air injection in waterflow (Fig. 2.2) on the two-phase h. t. c. to 

that of Verschoor and Stemerding (1951) and Gose et al (1957). It 

was suggested that the resistance against heat transfer was mainly 

caused by the presence of the viscous sub-layer at the wall. The rising 

air bubbles were believed to create eddies in their wake which penetrated 

this sub-layer and effectively reduced its thickness. The maximum 

value of h. t. c. was speculated to occur at the transition between 

slug and annular flow regimes. Two equations were given and are listed 

in Table (2.2). 
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Knott et al (1959) used oil flowing at low ReL (< 160) for the 

study of heat transfer in two-phase mixtures. They recognised the 

importance of flow pattern in determining h, 
rp although only a partial 

explanation was given by them for the increase in heat transfer rate 

in the bubble-flow regime. They suggested that the agitation of air 

bubbles in the laminar flow, that effectively reduced the thermal 

boundary layer, was responsible for the improved heat transfer perform- 

ance in two-phase flow. 

Lunde (1961) was the first person who tried to correlate two-phase 

h. t. c. by taking into account flow patterns. In his model he assumed 

that all the heat is initially transferred to the liquid phase and 

that the heat transfer to the gaseous phase and to atomized liquid 

takes place from the massive liquid phase. 

hTP ßLS hLS + (1 ßLS) 11/hLS 
+ 1/hg, La, Lv1 

where the first term represents the heat transfer to and retained 

by liquid in the massive slugs and the second term represents the 

heat transfer through the liquid slugs to the gas, atomized liquid 

and vaporized liquid. ßLSis the fraction of energy transfer to the 

liquid slug. For the slug-flow regime a simple equation has been 

suggested by Lunde (see Table 2.2). 

Fair et al (1962) studied heat transfer in large diameter (>45 cm) 

bubble columns. They showed that the h. t. c. between the gas and 

heating surface is high and varies directly with superficial velocity 

of the gas. 

hTp = 1200 V0.22 

where V is between 0-0.4 ft/s and water rate is between 10-13 gal/min. 
9 



12 

Later Fair extended this equation for different fluid systems to 

hp= 2940 Vg'22 PrLS (British units) 

Sokolov and Bushkov (1964) studied theoretically the heat 

transfer in two-phase flow. They showed that the heat transfer between 

the gas/liquid mixture and the wall of a tube can be regarded in the 

same way as heat transfer for a stream of liquid subjected to a forced 

movement, in which additional turbulence is produced by pulsations 

from gas bubbles undergoing deformation. The h. t. c. increases in direct 

proportion to the increase in the reduced velocity of the liquid and 

is independent of the magnitude of the heat load. They suggested the 

following equation: 

NuTP = 0.054 Ga0.33 Pr "1 + 0.0016 ReLPr°'7 

9 
Ga =- 

(J--L 

Kudirka et al (1965) studied the effect of gas injection in different 

fluids on h. t. c. They showed that the dependence of h. t. c. on mass 

velocity at low Qg/QL was much smaller than at high values associated 

with annular type of flow. The liquid viscosity is an important factor 

in determining the h. t. c. They derived a general dimensionless 

correlation for h. t. c. (see Table 2.2). 

Dorresteijn (1970) noticed that for air/oil mixture with 

VL > 1.0 m/s (turbulent flow), the h. t. c. at first remained almost 

constant and then increased slightly with the increase in air rate. 

In the transition zone from bubble to slug flow, the h. t. c. drops 

below that of single phase liquid which is in contrast with other 

findings. 



13 

Fedotkin and Zarndnev (1970) studied the variable effects on 

the local h. t. c. when heating air-fluid flows along a pipe. They 

showed the important effects of the structure of the heat exchanger 

and the flow pattern on the h. t. c. and they could correlate their 

experimental data in a dimensionless equation (Table 2.2). 

Hart (1976) derived a dimensionless equation for bubble- 

agitated systems in a 3.9 in column in the following form: 

u 
0.6 3 -0.25 

( 
POP 

vK 
)L = 0.125 (11 5ý ) 

P99 

This equation is limited to very low gas velocities (0.001-0.067 ft/s). 

Nishikawal et al (1977) derived an equation for an aerated tower 

with water in the following form: 

0.25 uW 0.05 
hTp = 1350 Vg (ü ) 

b 

hTp is in kcal/m2 hr0C and Vg in m/hr. 

Other equations had been derived considering the effects of 

physical properties of liquids for the aerated towers. 

Ravipudi et al (1978) studied the effect of mass transfer on 

the h. t. c. They reported that as the mass transfer from liquid to 

gas increases by vaporization, the heat transfer rate increases (due 

to the latent heat), but the apparent h. t. c. decreases. A dimension- 

less correlation is given for hTp with no mass transfer (Table 2.2) 

and another eqn. is given for that with mass transfer. 

Aggour (1978) related his h. t. c 's in two-phase mixture in terms 

of that of single-phase and the void fraction. 

hTP = hsp (1 - a)n) n= -0.333 for laminar flow 

_ -0.84 for turbulent flow 
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Chu and Jones (1980) compared the h,. in upward and downward flow 

in an air/water mixture. They found that hTp in downflow exceeds that 

in vertical upward flow for the same mass flow rates of gas and liquid. 

In bubbly and slug flow regimes this is attributed to significantly 

different liquid velocities and velocity profiles. 

A dimensionless correlation for hTp in upward flow is given in 

table 2.2. 

Shah (1981) derivedfrom previous workers' data a correlation 

to predict hTp for ReL < 170 in the form of 

. 25 

hT 

h=('+) 

SP Lý9.55) 
. 

Where hSP is calculated from Sider-Tate Equationlt For higher ReL 

Shah could not derive a single equation hence he represented the 

data graphically where hTp/hSP is a function of Vg/VL for different values 

of Froude number (Fig. 2.3) and the Dittus-Boelter equation was used 

to calculate hsp. Froude number was used to account for flow pattern 

effects. 

Hikita et al (1981) studied heat transfer coefficients in bubble 

columns. They concluded from their experimental results that the 

diameter of the column and the height of liquid have no effect on 

hTP. The liquid surface tension has little influence on hTP and 

therefore it can be ignored. A final correlation is given in the 

form of: 

h 2/3 
V3p -0.303 

pTpP V 
(0P)L = 0.268 (ü )S 

K LL9 

Lewis et äl (1982) found that the h. t. c. of two-phase liquid 
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is a function of gas velocity and void fraction in the form 

a 
hTP cc V9 

with 0.145 <a<0.18 and 2< Vg <180 mm/s. 

Vijay et al (1982) used different combinations of liquids and 

gases to study the two-phase flow heat transfer coefficient. They 

could correlate their results as follows: 

hAP 
_ 

APTPF) 
0.451 

with rms deviation of 19% h AP LL 

ýPTPF 0.454 -0.02 
AP 

) (ReL) with rms deviation 
L 

of 17.6% 

Oshinowo et al (1984) carried out an experimental study of 

heat transfer to air-water mixtures in vertical upward and downward 

flow. They have reported the effect of a small amount of air injected 

with water on h. t. c. and reached the same conclusions given previously 

by Verschoor (1959), Croothius (1951), Gose (1957) and other workers. 

They also reported that hTP is strongly affected by mixture flow 

patterns. 

In contrast with Chu and Jones (1980), they concluded that 

the hTp for air-water mixture is higher for upflow than downflow at a 

given water mass flowrate and air/water ratio. A dimensionless equation 

for upflow given by the authors is listed in table 2.2. 

Elamvaluthi and Srinivas (1984) observed that the increase 

in h. t. c. when air is added to water is only marginal at higher 

liquid Reynolds number. This result is in contrast with that 

reported by Croothius and Hendal (1959). They correlated their 
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results by means of a dimensionless equation listed in table 2.2. 

Drucker et al (1984) studied theoretically the heat transfer 

in two-phase flow and they derived a single correlation for hTp in 

terms of single-phase h. t. c. and Grashof and Reynolds numbers, 

h Gr0.5 L 
hTP =1+2.5 (a 

2) 
SP ReL 

Foumeny (1985) studied heat transfer in air-lift pumps. Two 

different heat exchangers were used. An enhancement between 6 and 

11 fold in h. t. c. has been achieved due to the presence of gas 

phase in the second heat exchanger. The h. t. c. is a function of 

both gas rate and submergence. Two equations were given for the 

calculation of h. t. c. in the two exchangers. 

H. r = 34.53 x 103 
0.314 1 

Hs 
0.4 

for 1st exchanger 

H 
?ý= 

111.92 x 103 Q0.314 HS 
0.41 

for 2nd exchanger 

The h. t. c. in the first exchanger is about one third that of the 

second exchanger and possible reasons for this have been given 

2.3 Air-Lift Pump Theory 

The gas-lift pump is a very simple device, being merely a 

vertical channel (the riser) immersed in a pool of liquid (the 

downcomer) to a depth known as the submergence. 

The riser can in principle have any cross-section but is generally 

either a round tube or an annulus depending on how the gas is conveyed 

to the bottom of the riser. Often, particularly in the case or 

small industrial applications, the layout can be shown diagrammatically 

in Fig. 2.4, where the downcomer is a separate pipe connected to 



18 

---- --7F --'-I -I 

HL 

H H 
$ riser 

air 
injection 

Fig. 2.4 air-lift pump 

efficiency 

maximum between 30% and 90% 

Qg 

Fig. 2.5 Efficiency of air-lift pump 

higher submergence 

QL 

Qg 

Fig. 2.6 Capacity of an air-lift pump 



19 

the bottom of the riser. 

Although the efficiency of a gas-lift pump is low, its simplicity 

and lack of moving parts make it attractive as a means of lifting 

corrosive, abrasive or noxious liquids. It also has an attraction 

that it can be installed quickly and cheaply when a suitable mechanical 

pump is not available. 

Gas (usually air) in injected via some kind of orifice system 

(called the footpiece) into the bottom of the riser, creating conditions 

such that circulation occurs between downcomer and rise and the 

pump operates. 

The efficiency of an air-lift pump is defined as the "work 

required to lift the liquid to the point of discharge divided by 

the work done by isothermal expansion of air in lifting the liquid". 

The efficiency of the pump increases sharply with the increase 

of air flow rate and then begins to decrease and the maximum increase 

occurs at a comparatively low air flow rate (Fig. 2.5). 

The liquid flow rate increases as the gas flow rate increases 

up to a maximum point beyond which the liquid flow rate decreases. 

But this decrease is at a slower rate than the rate of increase 

(Fig. 2.6). 

Some of the notations commonly used to describe the air-lift 

pump is lift height (HL), which is the vertical distance between 

the riser outlet and the liquid surface in the downcomer. The 

submergence (Hs) is the height of the liquid surface in the downcomer 

above the injector orifice plane. Thus the total riser height (H) 

is the sum of the submergence length (Hs) and the lift height (HL). 

Of great importance in the air lift pump is the definition of the 

"submergence ratio", which is the ratio of submergence length (Hs) 

to the riser height (H). 
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The capacity of an air-lift pump increases with an increase 

in the submergence at a constant air flow rate. An increase in 

submergence ratio would increase the maximum overall efficiency 

up to an optimum point, beyond which the efficiency decreases. The 

optimum submergence ratio depends on the length and diameter of 

the riser tube. 

The physical properties of liquid, the footpiece design, and 

the riser length and diameter have a noticeable effect on the efficiency 

of the air-lift pump and the liquid rate. Detailed description of 

these effects is found in Foumeny (1985). 

2.4 Flow Patterns in Two-Phase Flow 

The simultaneous flow of a mixture of gas and liquid in ducts 

occurs with a variety of configurations, which are known as "flow 

patterns". 

A knowledge of the flow patterns is important in two-phase 

flow investigations as these could affect the pressure drop and 

heat transfer. 

In vertical upward flow of gas-liquid mixture a number of flow 

patterns appear and can be classified as follows: 

Bubble flow: a fairly uniform dispersion of bubbles of gas 

in continuous liquid 

Slug flow: in which the gas flows as large bullet-shaped 

bubbles surrounded by liquid, usually followed by 

swarms of small-bubbles 

Churn flow: a highly oscillatory flow. A tendency for each 

phase to be continuous with irregular interfaces 

Annular flow: the liquid flows as a uniform annular film on the 

pipe wall while the gas flows as a central core inside the 

liquid annulus 
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Mist flow: at very high rate air flows-as a continuous medium 

supporting droplets of liquid 

In air-lift pumps the flow patterns are mainly bubble and slug- 

flow regimes. 

A two-dimensional plot has been employed to predict the flow 

patterns and transitions and it is called a flow-regime map. 

The coordinates used to plot the map vary from simple measured 

variables such as superficial velocities to complicated dimensionless 

groups involving also fluid properties. Several maps exist in the 

literature indicating the fact that prediction of flow patterns 

is still a difficult task. 

Among the recent work in this field is that of Mishima and 

Ishii (1984). They have developed a new flow-regime map for the 

upward gas-liquid flow considering the mechanisms of the flow regime 

transitions (see Fig. 2.8). 

The criteria showed a reasonable agreement for existing data 

for air-water flows. Equations have been given for the transition 

zones and the coordinates used for the prediction of the map were 

gas and liquid superficial velocities. 

At the same time Troniewski and Ulbrich (1984) have suggested 

a method of analysis of two-phase flow regime maps mentioned in 

the literature. The coordinates, being a function of liquid and 

gas velocities and densities, have been suggested on the basis of 

theoretical considerations (see Fig. 2.9). 

The parameters which govern the occurrence of a given flow 

configuration are numerous, and one can select the most important 

factors, such as: 

1) the volumetric flowrates of each phase 

2) the pressure in the system 
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3) the density and viscosity of each phase 

4) the surface tension 

5) the heat flux at the wall 

6) the pipe geometry and dimensions 

7) the flow direction 

8) the phase injection devices 

These parameters indicate the complexity of producing a single 

map for all liquids and gases for any geometry and dimension of 

tubes. 

2.5 Void Fraction in Two-Phase Flow 

Void fraction (or gas holdup) is the ratio of the gas flow 

cross-section to the total cross-section in the tube. It is an 

important variable in the two-phase flow. In the air-lift pump, 

for instance, the efficiency depends on the slip of the gas past 

the liquid which is related to the void fraction. Pressure drop 

and heat transfer coefficients are dependent on void fraction. Many 

workers, for instance, correlated their heat transfer results in 

terms of void fraction. 

Many techniques are available for the measurement of the void 

fraction, such as quick shutting valves, which isolate the mixture, 

or by using y-rays passing through the mixture. 

The void fraction is a function of gas and liquid rates and 

physical properties. Oshinowo and Charles (1974) showed that the 

increase in liquid viscosity and density decreases the void fraction, 

while the increase in surface tension increases the void fraction. 

Many workers have tried to correlate the void fraction. Detailed 

description of available correlations are found in the books of 

Chisholm (1983), Butterworth (1979) and Bergles (1981) and a few 
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examples are given below. 

Yagi et al (1951) gave the following correlation: 

ýº- 0 88 
-a 6a2 a1 = 700 (-) MP 

aVLL 9 

where ML mass flow velocity of liquid 

Wallis (1969) gave an average value for void fraction in slug 

flow, 

QQ 
a- Qg+QL+AV« 

V. 0 = (10 1 gc d2 
(PLu P 

L 

He also presented the correlations of Harmathy in bubble 

flow, and that of Zuber and Findlay in bubble-slug flow. 

- P9 
a= IiVg+ 

VL) (a) 2 APL 
0.25 

V+1.53 
V (Qgc 

2a<0.2 
) -1 

gg PL 

V+V (p p 
OL = [( ýV L) + 

1.41 . 41 (a S 
425 -1 

a 
L2 )], 0.2 <a<0.4 

99 PL 

For bubbly, slug and semi- annular flow, Nicklin (1962) correlated 

the void fraction as, 

Q +Q 
= 1.2 (A L) + 0.35 v/ gad 

where A: cross-sectional area 
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Chisholm (1983) presented the correlation of Armond 

a= CA ß 

I_ß+1-ß 
cA 11-0(1-VL/V9)10.5 

where 0= Qg/(Qg + QL) 

If VL » Vg 

then a=ß 
ý1_ßý. 5 

2.6 Two-Phase Pressure Drop 

The total pressure drop in two-phase flow consists of three 

components: the frictional, the gravitational and the accelerational 

pressure drop, 

APTP = APf + AP9 + APacc 

The accelerational component is usually ignored because of 

its low value compared with the other two components. The gravitational 

pressure drop is simply the static head in the tube and can be 

calculated as follows, 

APg = pm gH 

Pm =a pg + (1-a) pL 

H= height of the lift tube 

The frictional pressure drop is difficult to calculate and 

it is always calculated from the experimentally measured values 
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of the total pressure drop. 

Many correlations are available in the literature to calculate 

the two-phase pressure drop and these have been reviewed recently 

by Chisholm (1983). 

Beattie (1982) gave a new correlation for the calculation 

of the frictional pressure drop. 

I=3.48 
-4 log (9.35/(Rem j)) 

Ff 

pdAP f f=2 
2 M, 

Re _dM mu 

11 = uL (1-a) (1 + 2.5o0 + U9®( 

__ 
pL 

pL x +u9 (1 - x) 

P Pg PL 

x: mass flow fraction of gas (quality) 

An approximate estimation of the frictional pressure drop in 

two -phase flow was given by Nicklin (1962) in terms of single-phase 

frictional pressure drop, as 

A PTPf = (1 -a) APSPf 

This equation is, however, limited to a=0.7 

The two-phase pressure drop could explain the flow pattern 

transition zones. It could also explain the heat transfer in two-phase 

mixture; and some attempts were made to correlate the h. t. c. in 
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terms of pressure drop (see the work of Vijay (1982)). Some workers 

gave correlations for the h. t. c. which included a term for the pressure 

drop, along the heat exchanger, (e. g. Chu and Jones (1982)). 



CHAPTER THREE 

EXPERIMENTAL APPARATUS 
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3.1 Introduction 

The present apparatus was designed mainly for the study of heat 

transfer in two-phase mixtures. The design was flexible in such a 

way that heat transfer could be studied with two different means of 

lifting the liquid. The first was with air used to lift the liquid 

(air-lift system) while the second was with the pump used to lift 

the liquid. 

In addition, the flow pattern can be easily studied in a perspex 

tube using a special piping arrangement which allows the flow to go 

either to the perspex tube or to the heat exchanger. 

This chapter contains the description of the test heat exchanger, 

main apparatus and secondary apparatus used. A brief description 

of the different liquid and air circulations throughout the apparatus 

is given. 

The instrumentation and measurement techniques used throughout 

the present apparatus will also be discussed. 

Finally, the experimental procedure will be illustrated showing 

the start up and shut down stages carried out during the experiments. 

3.2 General Description of the Apparatus 

The apparatus consists mainly of a concentric tube heat exchanger, 

a separation tank and a cooling column (Fig. 3.1 and 3.2). Air is 

first mixed with liquid, passes through the heat exchanger, where 

the heat transfer process occurs, and then separated in the separation 

tank; while the liquid accompanying it is cooled in the cooling column 

and then recycles again in the system. 

In the heat transfer study, the apparatus is first set to the 

appropriate system, either pumped liquid system or air-lifted system, 

before any experiment can be carried out. This was possible by the 
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Fig. 3.4 Photograph of the heat exchanger and the perspex tube 
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appropriate use of the valves which determine the direction of the 

flow. 

In the flow pattern study, the direction of the flow was completely 

turned to the perspex tube, using the same air injector arrangement, 

by blocking the heat exchanger line. The same two means of lifting 

the liquid can again be used. 

3.3 Test Heat Exchanger 

The test heat exchanger was originally designed by Foumeny (1985). 

It is a double pipe heat exchanger. The inner brass tube, 1.037 inch 

I. D., 1.324 inch O. D. and 45 inches long, had its two ends threaded. 

The brass jacket is a 1.981 inch I. D. tube with two side arms 

made of 15 cm I. D. copper tubes, which were silver soldered to the 

jacket for inlet and outlet of hot water. 

Two flanges soldered to the ends of the jacket, one soldered 

to the innper pipe. Pipe to jacket and inner pipe to flange have 

"0" ring seals. 

The heat exchanger has 32 holes to house the thermocouples, 15 

holes in a straight line along the jacket, another 15 holes at right 

angles and two additional holes at the top and bottom displaced by 

a further 900. The holes are spaced at 3 inch centres except at the 

ends where the pitch is 1 inch and the distance from the end is 1 

inch. 

The holes have an 
1/8 inch B. S. P. thread in the jacket and a 

3 mm thread in the inner tube. "Enots" compression fittings each 

with '0' rings are screwed into the jacket and the thermocouples' 

brass sleevings with one end threaded are then inserted through the 

"Enots" fittings and screwed into the inner tube. The Enots fitting 
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nuts are then screwed on the sleevings to keep the thermocouples firmly 

held. Two more En"ots fittings are soldered on the two side arms for 

thermocouples and another two on the jacket, one at the top and one 

at the bottom, to measure the pressure drop along the heat exchanger 

(see Fig. 3.3 and 3.4 for details of the heat exchanger). 

3.4 Main Apparatus 

Separation Tank 

The gas-liquid mixture leaving the heat exchanger separates in 

a 26 cm x 40 cm separation tank placed over the cooling column. The 

air leaves to the atmosphere while the liquid discharges to the cooling 

column. In order to have a better separation, a stainless steel mesh, 

with fine holes, was inserted at the top of the separation tank. 

Cooling Column (Reservoir) 

A large diameter (6 inch) cooling column was used with high cooling 

load, using a long cooling coil inserted inside the tube. The hot 

liquid which is separated from the air in the separation tank cools 

in the reservoir. In order to prevent any suspended air bubbles not 

separated in the separation tank, from circulating in the rig, a special 

arrangement was made (see Fig. 3.5 ). The liquid discharges upwards 

using a PVC tube inserted at the top of the reservoir. This technique 

was successful, however, up to a maximum beyond which a small number 

of suspended air bubbles was seen to circulate throughout the system. 
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Fig. 3.4 Photograph of the heat exchanger and the perspex tube 
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Fig. 3.4 Photograph of the heat exchanger and the perspex tube 
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Humidification Heat Exchanger 

An inclined small heat exchanger was used in the present apparatus. 

Steam from the mains is mixed with the air for humidification. A 

cooling coil was wound around the heat exchanger to reduce the 

temperature of the air to the desired value. Condensate is collected 

in a small vessel filled with water to allow bubbling of the air. 

The humidified air leaving this exchanger will mix with water in a 

small calming section which in turn will bring the air to almost 

saturation condition. 

cooling 

dry air 

I 

Fig. 3.6 Humidification heat exchanger 



40 

Perspex Tube 

The study of the flow patterns encountered in the two-phase mixture 

is carried out in a perspex tube. It has the same diameter and length 

of the test heat exchanger tube. In order to have almost the same 

flow patterns that occur in the heat exchanger, the same air injection 

and mixing units (including the quick closing valve), placed before 

the heat exchanger, were used. This was possible by means of a suitable 

design which enabled the removal of the whole units in front of the 

exchanger and their reinstallation in front of the perspex tube. 

The flow patterns of two-phase mixture were studied visually 

and photographs were also taken of certain patterns. This was carried 

out in both ways of lifting liquid, either with air or with a pump. 

Hot Water Tank 

A galvanised tank of 50 cm x 65 cm was used to heat water supplied 

to the heat exchanger. Two heaters with variable automatic thermostat, 

to keep constant water temperature, were used with maximum power of 

3kW each. 

3.5 Secondary Apparatus 

Pumps 

Three pumps were installed in the apparatus, two with different 

sizes for handling liquid used in the experiments and one for pumping 

hot water from the tank to the shell side in the heat exchanger. 

Quick-Shutting Valve 

A pneumatic quick-shutting valve was used in front of the heat 

exchanger to trap liquid in the exchanger in order to measure the 

void fraction. 
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3.6 Air Circulation 

Compressed air from the mains is used in the present apparatus. 

Air is humidified and heated to the appropriate temperature in the 

humidification heat exchanger. After the measurements of its flow 

rate, air mixes with the liquid, is then heated in the heat exchanger 

and finally separated in the separation tank. 

The air is injected from two sides into the air injector tube 

mounting block into which the air injector tube has been screwed (Fig. 

3.7 ). Different length injector tubes could be used simply by unscrew- 

ing one and replacing it by another tube. At present a 12 cm tube 

is used; longer ones cannot be used because of the presence of the 

quick valve just over the injector tube and in front of the heat 

exchanger. The two ends of the footpiece (a device through which 

air is injected into the liquid) are threaded and two PVC flanges 

were screwed on these ends, and one end is bolted to the bottom of 

the quick closing valve. 

3.7 Liquid Circulation 

Liquid used in the study of two-phase mixture circulates in the 

apparatus in a closed cycle. At first the apparatus is set for the 

suitable experiment, either flow pattern or heat transfer study with 

liquid being lifted by a pump or by air. The liquid passes through 

the heat exchanger (or perspex tube) after mixing with air, separates 

from the air in the separation tank and then cools in the reservoir 

and repeats the cycle. 

3.8 Hot Water Line 

Hot water is used in the rig for heating the two-phase mixtures. 

Water is first heated in the hot water tank then pumped through a 

rotameter to the heat exchanger. It leaves the shell of the exchanger 
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after losing heat to the two-phase mixture and flows back again to 

the hot water tank. 

3.9 Coolant Line 

Cooling water from the mains is used in the present apparatus. 

Copper coils, with water flowing inside, are inserted in the reservoir 

to cool the liquid coming from the heat exchanger. Another cooling 

coil is wound around the humidification heat exchanger to maintain 

low air temperature. 

3.10 Instrumentation and Measurement 

the measurement of the temperature, pressure drop, liquid flowrate 

is carried out through a BBC micro-computer. A computer program has 

been written to measure all these variables (see Appendix D ). 

In order to prevent instability of the readings, a reference 

cell with constant voltage of 1.086 volts was used and all voltage 

readings were taken with reference to its voltage. 

pressure 
transducer 

magnetic 
flowmeter 

thermocouple amplifier/ 
multiplexer 

ref rence 

BBC comp- 
uter with 
built in 
A. D. C. 

Fig. 3.8 Transmission path of the data 



Fig. 3.9 Computer facility used in the present work 
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Temperature Measurement 

Originally copper-constantan thermocouples, fabricated in the same 

way as that made by the previous investigator (Foumeny (1985)), were 

used in the first heat transfer study. The same problem reported 

by Foumeny was observed, that is the conduction of heat through thermo- 

couples resulting in inconsistent readings of temperature. New 

thermocouples, therefore, were used to overcome that problem. These 

are Chromel/Alumel ready-made by T. C. Company. The thermocouple junction 

is arc welded in an inert atmosphere and is insulated from the sheath. 

The conductors are insulated from each other and from the sheath by 

very tightly compact magnesium oxide powder. The sheath's and 

conductors' materials are specially chosen for their low heat 

conduction. Only the junction is, therefore, affected by the temperature 

to be measured. Eighteen thermocouples were used, 7 for the 

measurement of the bulk temperature along the heat exchanger and another 

7 to measure the wall temperature. Two were used to measure inlet 

and outlet hot water temperatures (see Fig. 3.10 for ý 011frVX; M 

position of thermocouples) and an additional two to measure the liquid 

and air temperatures prior to the heat exchanger. Melting ice was 

used as a reference junction. All thermocouples' leads were connected both 

to a selector switch and to the multiplexer. This enabled the 

measurement of temperature either manually through the selector switch 

which is connected to a digital voltmeter or through the computer 

using a written program. 
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Void Fraction Measurement 

A quick-closing valve was used to trap gas/liquid mixture in 

the heat, exchanger. The pressure transducer is used to measure the 

pressure of the liquid collected in the heat exchanger and from which 

the volume of liquid can be calculated. 

The void fraction can, therefore, be calculated as follows: 

vl + v2 
1-a = v3 

V3-V2V1 

.. a= V3 

V1 and V3 are known (see Fig. 3.11), and V2 can be calculated from 

the pressure of the liquid. 

AP' A 
2 pL gc 

Pressure Drop Measurement 

A differential-pressure transducer has been used to measure the 

pressure drop along the heat exchanger. It provides an output voltage 

proportional to the pressure applied. It operates from a single 

positive supply voltage ranging from 7 to 16 V. D. C. The active 

connection side of the chip (P1) is connected to the inlet of the 

heat exchanger, while the passive side (P2) is connected to the outlet 

ofýthe exchanger. Gauge-pressure measurement of the inlet mixture 

is possible by leaving P2 open to the atmosphere. Only dry gas (air) 

should be applied to the pressure transducer. Hence, a special arrange- 

ment has been made (see 
. Fig. 3.12 ) using two bubbling bottles. 

The pressure drop is related to the voltage out of the transducer 

using the following equation: 
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OP=2t- 1 

where AP is in psi and Vtin volts. 

The pressure transducer is connected to the computer. 

Flowrate Measurements 

Two types of flow meters have been used in the present apparatus, 

a magnetic meter and ordinary rotameters. 

Magnetic Flow Meter 

The magnetic flow meter is used to measure the flow rate of the 

liquid used in the study before it mixes with the air. It is 

connected to the computer to have a direct and accurate measurement 

of the flow. The flowrate can also be taken visually from an 

ammeter connected to the magnetic flow meter which converts the flow 

rate value into amperes. Three switches on the ammeter, which indicate 

different ranges of velocity of the flow to be covered (up to 25 ft/s) 

are fixed. When the suitable scale is chosen, the full range of the 

ammeter (20 mA) can be altered easily into ft/s. 

The magnetic flow meter consists of two units, the veriflux 

detector head through which the flow proceeds and the veriflux 

converter which is connected to the detector with the ammeter scale 

showing the actual reading of the flow. 
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Rotameter 

Ordinary glass rotameters have been used to measure the flow 

rate of the hot water and the air used in the test. 

3.11 Experimental Procedure 

Start-Up: 

The steps of start-up procedure can be summarised as follows: 

1. Check the level in the hot water tank, add water, if 

necessary, to appropriate level, then switch on main 

heater. 

2. Open main air valve followed by air-bubbling vessels -valve 

and ensure that the air bubbles at about one bubble per second. 

3. Open air valve connected to the appropriate air rotameter 

and select the required rate. 

4. Fill the cooling column with liquid then switch on the 

appropriate pump and select the suitable liquid rate by 

controlling the liquid valve. 

5. In the case of the air-lift system, set the valves to the suitable 

liquid direction and then choose the submergence. 

6. Switch on the hot water pump and choose the suitable rate. 

7. Open the steam valve slowly and follow this by the opening 

of the cooling water valve. Adjust the two valves until almost 

saturated air at appropriate temperature is obtained (continuous 

condensate is formed). 

8. Open the cooling water valve connected to the coil in the cooling 

column fully, and adjust to the required liquid temperature 

afterwards. 



Fig. 3.13 Air Rotameters 
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9. Insert the reference thermocouple in a vacuum flask filled 

with melting ice. 

10. Switch on all electrical switches (for computer, multiplexer, 

power supply, voltmeter, magnetic flowmeter). 

11. Leave the rig running for a few hours until steady state 

conditions are reached. 

Shut Off: 

Shut off steps are summarised as follows: 

1. Shut off the quick-closing valve. 

2. Quickly shut off the liquid pump and close the air valves. 

3. Shut off the hot water pump and the heaters. 

4. Open drain valve (if water is the liquid phase). 

5. Take the measurement of the void fraction through a suitable 

computer program. 

6. Switch off all electrical switches. 

7. Close cooling valves and steam valve. 

8. Open the condensate valve fully. 

9. Open the quick-closing valve. 

10. Close the bubbling vessels valve then the main air valve. 

3.1 2 Calibration 

A description of the calibration of thermocouples and flow 

meters is given in Appendix A. 



CHAPTER FOUR 

RESULTS OF THE AIR-LIFT SYSTEM 
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4.1 Introduction 

Air-lift pumps have been widely studied and used in the past 

because of their ability to lift different kinds of liquids and slurries 

with low cost. The previous studies, however, have concentrated on 

the hydrodynamics of the air-lift pump, such as performance and efficiency, 

rather than the heat transfer. 

Recently, many investigators have studied heat transfer in two-phase 

gas-liquid mixture using a pump to lift the liquid. A few other workers 

have studied heat transfer in gas-liquid mixture with very low gas rate 

insufficient to cause pumping (through stationary liquid). 

Foumeny (1985) conducted experimental work in an air-lift pump 

using two different exchangers, of which the second one has been used 

in the present investigation. In this chapter the heat transfer in 

single-phase liquid was first studied to check the reliability of the 

apparatus. Prior to investigating the heat transfer in the air-lift 

pump, some experiments were carried out to indicate the performance 

of the system both with and without heat added as a function of the 

air rate and submergence. The heat transfer results are then presented 

and compared with other investigators' results. Attempts were also made 

to predict the present heat transfer coefficient results (h. t. c. ) as 

a function of both air rate and submergence. 

4.2 Heat Transfer in Single-Phase Flow 

It is common practice, in two-phase flow investigations, to study 

first the single-phase flow with heat transfer. The purpose is mainly 

to check the performance and reliability of the two-phase experimental 

facility. 

If the single-phase results for heat transfer agree well with theories, 

then it is assumed that the facility is suitable for two-phase study. 
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Experimental results of heat transfer in single-phase (water) 

are plotted in Fig. 4.2.1 against Seider-Tate correlation of Nusselt 

number for turbulent flow. 

0.8 0.33 
Nu = 0.023 ReL PrL 4.2.1 

the present results occur within + 20% of the above correlation showing 

good agreement. Most of the data being at lower values of Nu, a better 

representation of the results can therefore be obtained if the constant 

is changed to 0.021 leading to the alternative form, 

0.8 0.33 
Nu = 0.021 ReL PrL 4.2.2 

The good agreement between measured and calculated heat transfer 

coefficients in the single-phase flow (hap) demonstrates that the 

evaluation of the wall temperature inside the test section is reliable 

resulting in confidence in the calculated two-phase heat transfer 

coefficients (hTP). 

4.3 Capacity of an Air-Lift Pump 

Experiments were carried out in the present investigation to 

determine the effect of air rate and submergence on the capacity of 

an air-lift pump at isothermal conditions. 

The results are plotted in Fig. 4.3.1 showing the water rate 

measured at different air rates and submergences. 

The water rate at any specific submergence increases with the 

increase in air rate over the present range of air rates. When the 

submergence is increased, at a given air rate, the water rate increases 

as a result. The graph also shows that the effect of air rate on water 

rate is more pronounced at low rates than at high rates. 
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These results are in general agreement with those obtained by other 

investigators. At very high air rates, however, (not covered throughout 

the present work), it is always observed in the literature that the 

water rate reaches a maximum and then begins to decrease. 

When heat is added to the air-lift pump, the water rate shows a 

similar trend to that observed for isothermal conditions. The water 

rate is proportional to both air rate and submergence (Fig. 4.3.2). 

The effect of submergence on the water rate is more clearly shown in 

a separate graph (Fig. 4.3.3). 

An attempt was made to correlate the water rate in the air-lift 

pump, with heat being added to the system, as a function of air rate 

and submergence. Three correlations have been found for three different 

submergences (70,85 and 100 cm) which best describe the water rate. 

QL = 45.14 x 10-5 + 4.5 x 10-5 In Qg 

QL = 49.8 x 10-5 + 4.5 x 10-5 In Qg 

QL = 53.7 x 10-5 + 4.5 x 10-5 In Qg 

HS = 0.70 m 4.3.1 

HS = 0.85 m 4.3.2 

HS = 1.00 m 4.3.3 

The above correlations are plotted against the experimentally measured 

values in Fig. 4.3.2, showing good agreement. 

The effect of submergence on the capacity of the air-lift pump 

can be considered in the following correlation: 

QL = 53.7 x 10-5 + 4.5 x 10-5 In Qg + 24.0 x 10-5 In Hs 4.3.4 

This equation can be re-written in terms of the submergence ratio instead 

of the submergence in the form of, 
H 

QL = 64.98 x 10-5 + 4.5 x 10-5 In Qg + 24.0 x 10-5 In (HS) 4.3.5 

Where H represents lift height and equals 1.60 m in the present apparatus. 

The units used in all the equations mentioned in the present work are 

S. I. units. 
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4.4 Heat Transfer Coefficients in Air-Lift Pump 

When steady-state conditions were achieved, all the variables were 

recorded and the two-phase heat transfer coefficient (hTP) was then 

calculated using a suitable correlation (given in appendix )through 

a computer program (a copy is given in the appendix 
9 

The results showed that hTP in the air-lift pump increased with the 

increase in the air rate at a specific submergence (100 cm). When the 

submergence was decreased to 85 cm, hTP was then decreased as a result for a 

given air rate (Fig. 4.4.1). The effect of submergence is attributed 

to the change in the water rate (Fig. 4.4.2). 

In agreement with Foumeny (1985) and in contrast to the findings 

of Chakravarty (1971), the submergence does affect hTP in the air-lift 

pump. 

When hTp is plotted against the gas/liquid rate ratio (Qg/QL), a 

similar trend is observed, i. e. hTp increases with the increase in the 

ratio Qg/QL at constant submergence (Fig. 4.4.3). The h. t. c. decreases 

with the increase in Qg/QL at constant air rate (resulting from the 

decrease in QL due to the decrease in submergence, as shown in Fig. 

4.4.4). This is possibly due to the fact that the air occupies a 

greater proportion of the cross-sectional area and reduces the opportunity 

for mixing in the liquid film. 

In order to determine the enhancement of heat transfer in the air-lift 

pump over that of single-phase flowing in the tube, the heat transfer 

coefficient results measured in the present investigation are plotted 

in the form of hTp/hSP as a function of Qg/QL. Because in the air- 

lift pump it is not possible to measure hspi where air is used to lift the 

water, eqn. 4.2.2 is used to calculate hSP. The values of hTp/hSP are 

then plotted against Qg/QL at different submergences (70,85 and 100 cm) 

in Fig. 4.4.5. The graph shows that hTp/hsp decreases gradually with the 
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increase in Qg/QL at a given submergence. The decrease seems more 

pronounced at lower submergences than at higher submergences. At 

constant value of Qg/QL the ratio hTP/hSP increases with the decrease in 

submergence providing that the enhancement in the heat transfer 

coefficient (h. t. c. ) is more pronounced at low submergences. The 

ratio hTP/hSP increases with the increase in Qg/QL which results from a 

decrease in the liquid rate even though the air rate remains constant 

(the dotted line in Fig. 4.4.5). 

4.5 Comparison Between the Present Heat Transfer Results with Other 

Investigators' Results 

A direct comparison between air-lift pump results with other 

workers' results at constant liquid rate (obtained using a pump) 

is a difficult task. In the air-lift pump the water rate cannot 

be kept constant because it is dependent on both air rate and submergence. 

Only the work of Foumeny (1985) which was carried out in an air-lift 

system, can be directly compared with the present work. 

4.5.1 Comparison Between The Present Results and Those of 

Foumeny (1985) 

Foumeny used two exchangers in her study of heat transfer in 

air-lift systems with a different configuration of apparatus. The 

first was with an internal circulation limb and the second with 

external circulation. The two exchangers in both apparatus were 

of the same diameter and length, however, the h. t. c. 's in the second 

exchanger were more than twice those of the first one (Fig. 4.5.1). 

In the present investigation the second exchanger was used in a 

new apparatus and piping configuration and separation (of air) and 

measurement techniques (see Chp. 3 for details). 
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The h. t. c. s measured in the present apparatus are much lower 

than those reported by Foumeny in her second exchanger. The large 

discrepancy in h. t. c. (Foumeny's being more than twice the present 

values) could be due to a number of factors: 

1. The position of the air injector 

When the apparatus was modified, the air injector was inserted 

before the quick closing valve resulting in different submergences 

and lift height. Therefore, some experiments were carried out with 

submergences and lift height almost the same as that of Foumeny. 

This was possible by replacing the injector tube of 12 cm by a longer 

one of 45 cm to reach the bottom of the exchanger (in this condition 

the quick closing valve cannot be used). 

For example at Hs = 47 cm and at HL = 80 cm which is comparable 

with that of Foumeny at HS = 46 cm and HL = 79 cm, the h. t. c. measured 

in the present apparatus was 3.5 kW/m2 °C while that of Foumeny 

was 7.39 kW/m2 °C, both at same air rate of 47.2 x 10-5 m3/s. The 

h. t. c. measured in the present apparatus using the 45.0cm is slightly 

higher (10%) than that measured with the regular air injector tube 
H 

(12 cm) at the same air rate and submergence ratio (Hs). This factor, 

however, is not responsible for the large discrepancy between the 

present results and that of Foumeny. 

2. Suspended Air Bubbles 

In her work, Foumeny noticed the presence of large numbers 

of suspended air bubbles recycling all the time in the apparatus. 

Even so, she continued her work until a complete milky mixture was 

formed. These suspended air bubbles do affect both the measured 

water rate and h. t. c. and could therefore be largely responsible 

for the high h. t. c. s reported by Foumeny. In the present work, 

this problem has been overcome by the insertion of a separaticn 
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tank and the use of a large diameter cooling column (reservoir) 

and other techniques (all described in detail in Chp. 3). In addition, 

the operation has been limited to a range of air rate such that no 

suspended air bubbles were seen recycling in the system. 

A few runs were carried out with a very small amount of suspended 

air recycled in the apparatus to determine its effect on the h. t. c. 

This was possible with a long discharge pipe out of the separation 

tank immersed completely in water leaving the rig operating for 

a long time. 

The h. t. c. measured at Q, = 25 x 10-5 m3/s (using a pump) and 

Q= 78.7 x 10-5 m3/s, for instance, was 4.0 kW/m2 oC while it equals 
8 

3.5 kW/m2 oC under usual conditions. This increase in h. t. c. (about 

15%) seems high for such a small number of air bubbles circulated 

and it is believed that as the number of suspended air bubbles increases, 

the h. t. c. will increase. Due to limitation of the present design 

it was not possible to run an experiment with a large amount of 

suspended air. In fact, the reservoir had been deliberately designed 

to eliminate air bubbles. 

3. Air Temperature 

Foumeny has reported the effect of the temperature of air on 

h. t. c. All her experiments were carried'out at high air temperatures 

( 750C). When air at room temperature has been used instead, the 

h. t. c. dropped, for instance, from 7.3 to 5.5 kW/m2 oC. This means 

that an increase of about 33% in h. t. c. occurred when air of high 

temperature was used. 

In the present investigation when air at high temperature (75°C) 

was used instead of low temperature (250C) the h. t. c. increased, 

for instance for a certain run, from 3.11 to 3.5 kW/m2 °C, showing 
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an increase of only 13%. This is probably due to a higher amount 

of water being lifted with high air temperature (large air volume). 

These results support those of Foumeny for the effect of the 

air temperature on h. t. c. The effect, however, is more pronounced 

in Foumeny's experiments than the present ones which is possibly 

due to higher turbulence caused by hot air injected at the bottom 

of the heat exchanger. To verify this explanation the same experiments 

were repeated with hot air injected at the bottom of the exchanger. 

The h. t. c. measured under this condition was higher than that at the 

above condition. The h. t. c. increased, for instance, from 3.5 (as 

mentioned above) to 3.7 kW/m2 °C showing an overall increase in h. t. c. 

of 20%. 

4. Temperature Measurement 

The temperature measurements carried out by Foumeny lacked a 

high accuracy due to heat conduction through thermocouples as she 

reported in her thesis. Heat conduction from hot water to the thermocouples' 

leads were noticed and could affect the temperature measurement in 

the two-phase mixture, especially when the temperature difference 

of the mixture along the heat exchanger is low. The temperature difference 

between the hot water and the two-phase mixture was small in her experiments 

(due to low cooling load in the reservoir), hence any small error 

in the temperature difference measured will result in a high error 

in the calculated h. t. c. In the present work a high accuracy of temperature 

measurements was achieved and no heat conduction problems through 

the thermocouples were noticed (see Chp. 3 for more details). 

In addition the two-phase mixture temperature was kept low because 

of the high cooling load in the reservoir. This would minimise the 

errors in temperature difference measured resulting in more accurate 
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values of h. tc. in the present work than the previous work of Foumeny. 

The single-phase study results, which were carried out in the 

present investigation (see Section 4.2), were in acceptable agreement 

with theory supporting also accurate temperature measurements. 

5. Water Rate Measurement 

Foumeny used an orifice plate to measure the water rate in her 

tests in air-lift pump. As she reported in her work, it was difficult 

to measure the water rate visually because of the high oscillation 

of pressure readings in the manometers connected to the orifice plate. 

In the present work, the water rate was measured by an electromagnetic 

flow meter which was connected to the computer leading to direct and 

accurate measurements of the flowrate. An attempt was made to compare 

present performance with that of Foumeny under almost the same conditions 

(Hs = 46.0 cm and H- 125 cm for Foumeny's work and Hs = 47 cm and 

H= 127 cm at the present investigation). The results of Foumeny 

at various air rates are shown in Fig. 4.5.2 (line 1). The present 

values of QL are calculated using eqn. 4.3.5 which is based on low 

air temperature (line 2). 

The water rate measured in the present investigation with high 

air temperature at, for instance, Qg = 50 x 10-5 m3/s was 8.0 x 10-5 m3/s 

which indicates good agreement with that of Foumeny (QL = 8.1 x 10-3 m3/s) 

in almost the same conditions. The deviation between present performance 

and that of Foumeny, however, is believed to increase with the increase 

in the air rate, as can be seen in Fig. 4.5.2. 

Comparison of Foumeny's Results with Previous Workers' Results 

Using a new basis of comparison other than that of Foumeny, some 

workers' results are, however, compared with the results of Foumeny. 

The comparison is based on a constant water velocity over a wide range 
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of Qg/QL; both being close to those used by Foumeny. 

Plotted in Fig. 4.5.3 are the results of Foumeny for her second 

exchanger (which was used in the present investigation), in addition 

to those of her first exchanger together with some other workers' 

results. The graph indicates much higher h. t. c. values measured by 

Foumeny in her second exchanger compared with those reported in the 

literature for almost the same water velocity over the same range 

of Qg/QL. The h. t. c. at VL = 0.46 m/s is, for instance, nearly twice 

that measured by Verschoor and Stemerding (1951) at VL = 0.45 m/s 

at the same value of Qg/QL. The results of Foumeny at VL = 0.34 m/s 

are again more than twice that of Aggour (1978). Other researchers' 

results and Foumeny's for the first exchanger follow a similar trend. 

This indicates that Foumeny's results are much higher than other workers' 

results (by a factor between 1.5 and 2.5). This also shows that the 

h. t. c. s are high not only when compared with others' results but also 

with her own results in the first exchanger which had the same dimensions 

but a different flow circuit configuration. 

4.5.2 Comparison of the Present Results With Those Available in the 

TJ 

A close agreement between the present results and others' results 

should not be expected because of many factors governing the h. t. c. 

other than gas and liquid rates, which will be discussed in the next 

chapter. The present results of h. t. c. are plotted against some workers' 

results, using water velocities and Qg/QL not far from the present 

values, in Fig. 4.5.4 and 4.5.5. 

The results of Verschoor and Stemerding (1951) at VL = 0.14 m/s 

are in reasonable agreement with the present results (being only 20% 

higher), while their results at VL = 0.27 m/s did not exceed 50% higher 



75 

10 

U 
O 

Eß 

0 

6 

4 

Qg/QL 

Fig. 4.5.3 Comparison between Foumeny's results of h. t. c. with 

those available in the literature 



76 

VL(m/S) 

7 

Li 
6 

0 N 
E 

0- 

4 

3 

1 0.14 
3 Verschoor 

ö: 
2 

7 
4 Oshinowo 0.17 

5 Groothius 0.15 
ÖJ 

present 0.23 

Foumeny 0.27 

1st exchanger 

3 
2 

3 

1 
2 

4/° .ý . ý--- 
21 

02468 10 12 
ag/a1 

Fig. 4.5.4 Comparison between present measured hTp with some 

investigators' results 

4 

5 



77 

6 

7 

u 
0 N 
E 

0 F- 
4 

3 

2 

VL(m/s) 
21 

Groothius .3$ 

3 Verschoor 
. 
45 

4 Aggour . 
32 

0} Foumeny . 
29 

0 1lst exch. . 
31 

" . 32 
present 

. 40 
"43 

3 

2 

4 

0 

02466 10 
Qg/o. 1 

Fig. 4.5.5 Comparison between present measured hTp with some 

12 

investigators' results 



78 

than the present h. t. c. at VL = 0.23 m/s at almost the same Qg/QL 

and this can be partly explained by the difference in water velocity. 

Their results at VL = 0.45 m/s are about 60% higher than the present 

results at VL = 0.43 m/s. 

The results of Aggour are only 25% higher than the present results 

indicating an acceptable agreement. 

Foumeny's results in the first exchanger are almost 15% higher 

than the present results at almost the same air, and water rates (by 

extending the line of 0.32 m/s water velocity). The results of Oshinowo 

(1984) are less than 20% higher than the present results at close 

water velocities. 

The comparison shows an acceptable agreement between the present 

results of h. t. c. and most of those in the literature. 

4.6 Prediction of Correlations Describing the h. t. c. in the Air-Lift 

System 

As a result of the study of heat transfer in air-lift pumps, 

three correlations have been predicted which best describe the h. t. c. 

as a function of air rate for each submergence in the form of, 

hTP = 7178 Q0.11 at HS = 0.70 m 4.6.1 

hTp = 7471 Q0.11 HS = 0.85 m 4.6.2 

hTp = 7737 Q0.11 HS = 1.00 m 4.6.3 

The above correlations have been plotted together with the experiment- 

ally measured values in Fig. 4.4.1. 

The above correlations are combined together leading to a final 

correlation which accounts for the effect of submergence, as 
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hTP = 7737 Q°"11 H0.197 4.6.4 

The h. t. c. 's can also be related to the common term Q/QL for 

each submergence as, 

hTP = 
Q 

2400 + 476 In (Q ) 
L 

h = 
Q 

2675 + 476 In (Q ) 
TP L 

h = 
Q 

2905 + 476 In (Q ) 
TP L 

at H=0.70 m 4.6.5 
s 

H=0.85 m 4.6.6 
s 

H=1.00 m 4.6.7 
s 

These correlations can successfully describe the h. t. c. 's as can be 

seen in Fig. 4.4.3. 

A final correlation which accounts for the submergence can then 

be written in the form of, 

hTP = 2905 + 4676 In (QQ)+ 1415 In HS 4.6.8 
L 

QH 
or hTP = 3570 + 476 In (Q )+ 1415 In (HS) 4.6.9 

L 

The h. t. c. 's predicted, using either eqn. 4.6.4 or 4.6.9, are 

plotted against the experimentally measured values in Fig. 4.6.1 showing 

excellent agreement (within + 2%). The enhancement effect of air 

upon the single-phase h. t. c. can be shown when hTp/hSP is correlated 

instead of hTp as a function of Qg/QL and Hs as follows, 

hTP Q -0.15 
2.50 (ý) at HS = 1.00 m 4.6.10 

hA A 

hTP Q -0.15 
h=3.07 

(Q ) HS = 0.85 m 4.6.11 
SP L 

hq -0.15 TP 
= 4.02 (-&) HS = 0.70 m 4.6.12 

hgP 4L 
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The above correlations are plotted against the experimentally 

measured values in Fig. 4.4.5. showing a reasonable agreement. Accounting 

for the submergence effect the above correlation can then be combined 

leading to the following correlation, 

hTP Q -0.15 -1.318 
h 

SP 
= 2.5 (QL ) HS 4.6.13 

or 

-0.15 H -1.318 

h SP 

T-1.346 (QL g) (gs) 4.6.14 

The h. t. c. 's are predicted using eqn. 4.6.13 and then plotted against 

the experimental values in Fig. 4.6.2. 

Good agreement is found between the predicted and measured values 

where the maximum deviation recorded was only 5%, bearing in.. mind that 

hsp values were calculated using eqn. 4.2.2. 

Error analysis showed that the maximum error which 
could arise from flowrates and temperature measure- 
ments would be within ± 15%. In the present work, 
however, any run which did not show a heat balance 
within ± 5% was rejected. On this basis the estimated 
error in calculation of the heat transfer coefficients 
was - 10%. 
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HEAT TRANSFER IN PUMPED LIQUID-GAS MIXTURES 
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5.1 Introduction 

This chapter includes the heat transfer results with pump being 

used to lift the liquid. The liquid rate will be an independent variable 

and can be varied to cover wider range of gas/liquid rate ratios. 

The topics studied in this chapter are the following: 

1. Heat transfer in air/water mixtures 

2. Factors affecting heat transfer coefficient (h. t. c. ) in 

two-phase mixtures 

3. Effect of fluid properties upon two-phase h. t. c. 

4. Heat transfer in liquid/solid mixture 

5. Performance analysis and economic considerations of two-phase 

heat exchanger 

5.2 Heat Transfer in Air-Water Mixture Flowing at Constant 

Liquid Rate 

5.2.1 Introduction 

The effect of introducing gas phase (air) into flowing liquid 

(water) on the h. t. c. is presented first followed by an explanation 

of possible mechanisms responsible for the enhancement in heat transfer. 

The present results will be compared later on with other workers' 

results in the literature. An attempt was made to compare the present 

results of heat transfer obtained from the air-lift system with those 

carried out at constant liquid rate. The present results were also 

compared with some available correlations to calculate hTp. This was 

followed by the prediction of two-phase h. t. c. either in the form 

of Nusselt number or in terms of the ratio hTp/hSP. Finally, a brief 

discussion of the local h. t. c. and temperature profiles along the 

heat exchanger will be given. 
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5.2.2 Heat Transfer Coefficient in Air-Water Mixtures 

Throughout the study of the effect of the addition of air into 

flowing water, on the h. t. c., three water rates have been considered; 

those are 0.068,0.11, and 0.188 Kg/s. The air rate was varied from 

as low as 2.0 x 10-5 m3/s up to 80 x 10-5 m3/s. 

It was observed that the addition of air at low air rate into 

water flowing at 0.068 Kg/s rate increased the h. t. c. tremendously 

over that of single-phase liquid (water) h. t. c. as can be seen in 

Fig. 5.2.1. As the air rate is increased the h. t. c. increased as 

a result (Fig. 5.2.2). 

When water rate is increased to 0.11 Kg/s the h. t. c. increases 

at the same air rate. A similar trend of the effect of air rate on 

h. t. c. at higher water rate (0.188 Kg/s) was observed. At any specific 

water rate a continuous increase in the h. t. c. is observed as the 

air rate is increased. The effect, however, is not very marked as 

the maximum increase in the h. t. c. detected in present work over the 

whole range of air rate did not exceed 25% as can be seen in Fig. 

5.2.1. Croothins and Hendal's (1959) results over almost the same 

range of variables (air and water rates) showed almost the same increase 

in hTp (the maximum increase was between 20% and 30%). The present results 

follow a similar trend to those in the literature on the effect of 

air rate on the h. t. c. Some workers, who carried out experiments 

over a wide range of air rates, observed that the first amount of 

air added to the liquid increased the h. t. c. tremendously but a large 

quantity of air was needed for further increase in h. t. c. 

Presentation of the h. t. c. in two-phase mixture in the form of 

its ratio to a single-phase h. t. c. (hTP/hSP)illustrates effectively the 

increase in the rate of heat transfer caused by the addition of gas 

phase to a liquid flow, as can be seen in Fig. 5.2.3 and 5.2.4. The 



86 

4.0- 

3.6- 

3.2- 

ME 

ö 2.4 
N 

E 

2.0 
0- 

1,6 

2111 

le 

011x105m31S 

o 18.8 
0 11.0 

x6 .8 

.41111I11I1 

0 10 20 30 40 50 60 70 80 
O. gx105m31S 

Fig. 5.2.1 Heat transfer coefficient in pumped air-water mixture 



87 

3.1 

3. 
Li 0 

N 
E 

_ 
3 3. 
v 

3. 

3J 

2. 

0. x 105m31S 

0 6.8 
D 11.0 

0 18.8 

0 

6- 1 

. 
4- 

2- 

0 10 20 30 40 50 60 70 

Qgx105m31S 

80 

Fig. 5.2.2 Effect of gas rate on the heat transfer coefficient 



88 

6. 

5. 

5. 

4. 

4. 

4. 
0 

ý3. 0 F- 
3. 

2. 

2. 

2. 

y05m3/S 

6.8 

6 

2 

11.0 

6 

2 

18.8 
4- 

0 . 
0 20 40 53 60 80 

Qgx10m /S 
h 

Fig. 5.2.3 Effect of air rate on the ratio hTP SP 



89 

6. ( 

S. E 

5.2 

4.8 

4.4 

4.0 

o-3-6 V) 

3.2 

2.8 

2.4 

2.0 

0 0o 

ip 

O 

0000 

0 

Qx 105mn31 S l 
0 6.8 

measured 0 11.0 

x 18.8 
predicted 

x 

0 2 46 8 10 12 
0, g / 0.1 

Fig. 5.2.4 Effect of air/water rate ratio on the ratio 

hTP/hSP 



90 

graphs show that the effect of the addition of air is more pronounced 

at low water rates than at high rates. 

5.2.3 Heat Transfer Coefficient Enhancement Mechanisms 

The increase in the h. t. c. resulting from air addition to a flowing 

liquid could be attributed to the following mechanisms: 

1. Liquid and mixture velocity increase caused by addition of the 

gas phase, 

2. Increased turbulence and mixing action in the main stream due 

to the continuous interaction of the two phases, 

3. Increased turbulence near the heated wall caused by gas bubbles 

and the decrease in the effective thickness of the laminar boundary 

sublayer. 

The boundary layer, being a major resistance to heat transfer, 

is completely disturbed by the gas phase resulting in lower effective 

thickness. The thicker the original laminar layer (i. e. the lower 

liquid Reynolds number) the more pronounced will be the effect which 

can be expected from this extra source of turbulence. 

Since the increase in heat transfer rate by adding a gas phase 

is more pronounced when the initial turbulence intensity of the liquid 

flow is low, merely increasing the liquid velocity usually cannot 

account for the large increase in heat transfer rate. Therefore, the 

increase in turbulent intensity is more effective in enhancing the 

heat transfer rate than is the increase of liquid velocity. This could 

be significant especially when the liquid flow is initially in the 

laminar or transition flow regime. 

On the other hand, when the single-phase liquid flow is originally 

in a highly turbulent state, the effect of increased turbulence intensity 

is less significant than increasing the liquid velocity. Further 
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increase in the quantity of gas used leads to a rapid icnrease in 

the velocity of the liquid, as a result of which the layer next to 

the wall is influenced chiefly by the turbulence pulsation of the 

moving stream of liquid, whose velocity will play the chief part in 

determining the efficiency of heat exchange. 

5.2.4 Comparison of Present Results with Previous Researchers' 

Results 

It is a common practice to compare experimental results with 

those available in the literature. When trying to compare the present 

experimental results with others' results it was considered that the 

exchanger should be vertical and the air/water mixture should be flowing 

upward with Qg /QL and VL close to the present values. 

An unavoidable discrepancy is expected due to the following: 

1) The variables are not identical to the present ones. 

2) Method of gas injection and the presence or abs4pce of 

a calming section. 

3) Type of the h. t. c. (local or average) and method of calculation 

(integrated or mean averaged). 

4) Apparatus piping and configuration. 

5) Exchanger length and diameter. 

Some researchers have presented their results in small scale 

graphs; 'some of them presented the actual h. t. c. other than hTP/hSP; a 

few others did not present their measured h. t. c. These could limit 

the number of works which will be compared with the present results. 

The use of the ratio hT¢hSp is preferred over hTp as a basis of 

comparison against Qg/QL because (a) many researchers have measured 

hsp prior to the measurement of hTp and while many of them could success- 

fully predict their results using the well known single-phase correlations, 
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others showed significant deviation from those correlations. Hence, 

the use of the term hTOSP could minimize the effect of the apparatus 

configuration which could be responsible for this deviation; (b) a 

remarkable deviation between available single-phase correlations, 

hence although some workers showed a good agreement with those correlations, 

this is a source of yet another deviation in hTP; (c) many workers have 

presented their h. t. c. results in the form of the ratio hTVhSP and it 

would be easier and more reliable to use the same term; and (d) the 

ratio hTP/hSP is a better representation of the heat transfer results 

because it shows the increase in h. t. c. when gas is added to a flowing 

liquid phase. 

The present results of hTp/hSP at VL = 0.13 and 0.2 m/s are 

plotted in Fig. 5.2.5 with other researchers' results close to these 

liquid velocities. Shown in Fig. 5.2.6 are the present results at 

VL = 0.36 m/s in parallel with those from the literature. 

The results of Oshinowo(1984) at VL = 0.13 m/s are in good agreement 

with the present results. His results at VL = 0.17 m/s are also in 

acceptable agreement (being 10% higher) with the present results at 

VL = 0.2 m/s if we take into consideration the effect of the liquid 

i locity difference (as VL increases the ratio hTp/hSpdecreases). 

The results of Ueda (1974) at liquid velocities of 0.08 and 0.24 m/s 

are not in agreement with the present data and this could be mainly 

due to the difference in liquid velocities where close values are 

not available. 

The results of Verschoor and Stemerding (1951) at VL = 0.14 m/s 

are much lower than the present results and other investigators' results. 

This could be mainly due to the flow pattern where the transition 

zone (between bubble and slug flow regimes) has been observed by these 

researchers. This was observed (low h. t. c. ) at low liquid velocities 

only. 
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3 

Their results at VL = 0.36 m/s are in good agreement with the 

present results at the same liquid velocity (maximum deviation is 

only 15%). 

Ueda's results at VL = 0.4 m/s are in reasonable agreement 

(less than 15% lower) with the present results keeping in mind that 

the liquid velocities are not coincident. 

The results of Kudirka (1964) at VL = 0.305 m/s are about double 

the present results at VL = 0.36 m/s. Kudirka has reported very high 

h. t. c. compared with other investigators' results. Hence it is not 

surprising to have such high deviation compared with the present results. 

Groothius and Hendal's (1959) results at VL = 0.39 m/s follow 

a similar trend to that of Ueda (1974) and the same conclusion can 

be derived. Their results at VL = 0.28 m/s and at Qg/QL >3 

are, however, in contrast with the present results and with other 

investigators' results (very low values of hTp/hSP). This is also in 

contrast with the present findings, that is, as the liquid velocity 

is decreased the ratio hTp/hSP increases. The results of Groothius and 

Hendal seem self-contradictory here because their results of hTP/hSP 

at Qg/QL < 3.0 follow the same findings observed throughout the present 

work. 

5.2.5 Comparison of the Present Results of h. t. c. with the 

Present h. t. c. Results in the Air-Lift System 

As mentioned before it is difficult to compare directly the heat 

transfer results of air-lift system, where the water rate is dependent 

on both air and submergence, with those of constant water rate, where 

a pump is used to lift the water. A few runs from the present air-lift 

system with water rates close to those carried out with a pump, however, 

have been chosen to check-the apparatus reliability with two different 
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means of lifting water. 

The results of this comparison are plotted in Fig. 5.2.7 showing 

good agreement of the h. t. c's. 

This leads to a conclusion that the technique used of lifting 

water has no effect upon the measured h. t. c. provided that both the 

gas and liquid rates are the same. 

5.2.6 Comparison of Some Existing Correlations with Present 

Experimental Results 

The correlations tested here are dimensionless and are of the 

same trend as the single-phase dimensionless h. t. c. correlations (see 

Chp. 2). 

With the exception of Lunde's correlation, all those studied 

here are empirical, based on experimental study. The comparison is 

valid provided that the present data are reliable. 

Comparison of Present Heat Transfer Data Against the Correlation 

of Oshinowo (1984) 

The correlation of Oshinowo which is in the form of: 

u 0.2 0.14 Q 0.26 
NuTP = 0.86 ReL6 (_&) (b) Pr 

0.33 (Q ) 5.2.1 
wL 

is plotted against the present experimental data in Fig. 5.2.8. The 

graph shows that his correlation predicts higher h. t. c. than the present 

values. The deviation can be partly explained by the fact that Oshinowo's 

correlation predicts his own experimental data carried out at laminar 

and transition regions (2000 < ReL < 5100). The present results occurring 

at transition region (ReL = 4400) show less deviation than those of 

higher ReL (less than 40%). Instead, three different lines can be 
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plotted for each liquid Reynolds number with different slope than 

that of Oshinowo's correlation which can best describe the present 

results. 

Comparison of Present Heat Transfer Results with Ravipudi's 

Correlation 

The present data are well represented by Ravipudi's correlation 

(within + 30%) at Qg/QL > 1.0 (Fig. 5.2.8). His correlation which 

is in the form of: 

0.6 0.33 u 0.2 ub 0.14 Q3 
NuTP = 0.56 ReL Pr (&) ý (I)o. 

Q 
5.2.2 

LWL 

is very similar to that of Oshinowo and it could successfully predict 

his own data which are at Qg/QL > 1.0. 

Comparison of the Present Results with Kudirka's Correlations 

The correlation of Kudirka (1964) which is in the form of: 

0.25 0.33 u 0.6 ub 0.14 Q 0.125 
NuTP = 125 ReL Pr (ý) () (Q ) 5.2.3 

LwL 

predicts much higher values of the h. t. c. than the present measured 

values (see Fig. 5.2.9). The present data can be, however, best represented 

by his correlation, which shows less dependence on the liquid Reynolds 

number, if a lower value of the constant (70.0) is substituted. 
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Comparison of the Present Heat Transfer Data With the Correlation 

of Croothins and Hendal (1959) 

The present data are plotted against their correlation which 

is in the form of: 

0.87 0.33 ub 0.14 
NuTP = 0.029 ReTP Pr (c ) 5.2.4 

w 

in Fig. 5.2.10 with ReTP = Reg + ReL. Although the line represent- 

ing the correlation traverses one set of the data, the deviation 

from the other sets of data is large. Three straight lines can be 

drawn instead, each representing a separate liquid Reyonds number. 

Comparison of present heat transfer data with Chu & Jones (1982) 

correlation 

Chu & Jones (1982) have suggested the following correlation: 

0.55 0.33 ub 0.14 Pa 0.17 
Pr (P ) 5.2.5 NurP = 0.43 Re0.55 

w 

with liquid Reynolds number based on the actual (= 
V1La) 

instead of 

the superficial velocity. The present experimental data are plotted 

against this equation in Fig. 5.2.11. Even though the line representing 

this equation goes through the present results the deviation is large, 

especially at high and low values of ReLa* 
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Comparison of the Present Heat Transfer Data with the Correlation 

of Lunde (1961) 

Lunde's correlation is plotted against the present data in 

Fig. 5.2.12. His correlation which is in the form of: 

1.12 -0.48 Pr 0.33 ub Pa 0.17 () (P ) NuTP = 0.069 Re La Re- 
w 

5.2.6 

ReLa < 30,000 

predicts lower h. t. c. 's than the present measured values. The correlation 

includes two forms of liquid Reynolds number based on the actual 

and the superficial velocity. 

5.2.7 Analysis of Correlations Available for the Prediction of 

Two-Phase h. t. c. 

From the study of the correlations available in the literature for 

the prediction of two-phase h. t. c., the following observations and conc- 

lusions have been derived: 

1. Two-phase gas-liquid flow is a complex process. Hence no 

single satisfactory equation is available for the prediction of 

h. t. c. because it is dependent on many factors (discussed 

elsewhere). 

2. All correlations given in the literature are dimensionless and 

include the common numbers, i. e. Nu, Re and Pr of the liquid phase. 

3. The correlations are based on the single-phase dimensionless 

correlations with some modification to account for the presence 

of the gas phase. They even include terms which are present in 



105 

iI_ 

; 

o 
°Ö 

° 

0 

0 

0! 

M 
C 

tr0 n' O ql- 

18! 
i'0-ZU LT'JEd) tiT*o 

) 
££"O: tdl/nH 

I- 

co 

ca 

a) E 

a) 

C) 
C) 

cv o0 
a) x a) 

b 

0 

0 
., a 

a) 

0 U 

N 
. -a 

CV 

In 

00 
ok 



106 

the single-phase correlations with the same exponent (PrL and 
1 

L 
4. Various attempts have been made to account for the presence of 

the gas phase. Groothius and Hendal (1959), Fedotkin (1970) 

and Elamvaluthi (1984) have considered the effect of the gas phase 

by including the gas Reynolds number in their correlations. 

Lunde (1961) and Chu & Jones (1982) have included the void fraction 

term to account for the gas phase. Kudirka (1964), Ravipudi (1978) 

and Oshinuwa (1984) have used the ratio Qg/QL in their dimensionless 

correlations. None of the investigators mentioned above has 

considered the effect of the presence of gas phase by combining 

two different terms (e. g. a and Qg/QL) in the same correlation. 

5. Some workers have presented the Reynolds number of the mixture as 

the sum of gas and liquid Reynolds numbers and both are based 

on the superficial velocities (e. g. Groothius and Hendal (1959), 

Fedotkin (1970) and Elamvaluthi (1984)). 

Most of the workers on this subject have used the liquid Reynolds 

number as the mixture Reynolds number, either based on the superficial 

liquid velocity (e. g. Kudirka (1964), Ravipudi (1978) and 

Oshinowa (1984), or based on the actual liquid velocity (e. g. 

Lunde (1961) and Chue & Jones (1982)). Another possibility of 

the mixture Reynolds number is the sum of liquid and gas Reynolds 

numbers and both are based on the actual liquid velocity; but 

this approach has not been used by any ivnestigator in the 

literature. 

6. All investigators who have conducted their experiments over a wide 

range of Qg/QL (1- 100) have used the ratio Qg/QL in their 

correlations except Groothius and Hendal (1959) who have used Reg 

instead to show the effect of gas phase. 
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7. For simplicity, if the viscosity terms, PrL and pressure of the system 

are assumed constant for a specific gas-liquid mixture (this is 

a reasonable assumption where the dependence of hTp on these 

terms is small compared with other variables), then a general 

dimensionless correlation can be written in the form of, 

Q 
NuTP =a Rem (Q )c 

L 

If Rem = ReL, then the constant c has a value but if 

Rem = ReL + Reg or Rem = ReLa then the constant c will equal zero 

and the correlation will be reduced to the form, 

NuTP =a Rem 

This shows that the Reynolds number is the most important factor 

in determining hTp. This is because it includes the properties and 

rates of fluid flow. The physical properties of gas are not much 

affected by temperature, therefore, their effect on hTp will be 

small. The gas rate, however, should be considered in the 

prediction of hTp. 

5.2.8 Prediction of Two-Phase Heat Transfer Coefficients in the Form 

of dimensionless Correlations 

Dimensional analysis was used to obtain a general correlation for 

the prediction of two-phase h. t. c. for the present range of air and water 

flow rates. The variables selected for this analysis were gas rate, 

gas viscosity in addition to the variables involved in the single-phase 

heat transfer dimensinless correlations. The correlation is in the 
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form of: 

0.175 0.33 0.2 0.065 
NuTP = 31.8 ReL PrL (u ) (Lb)0.14 (Q ) 5.2.7 

LwL 

The present data agree with the correlation within + 7% and some 

workers' results can be well represented using this equation (Fig. 5.2.13). 

The exponent of the Reynolds number is smaller than that for the single- 

phase, showing less dependency on the film thickness. The small exponent 

of Qg/QL compared with other investigators' correlations reveals the 

relatively limited range of gas rate. 

If the liquid Reynolds number is based on the actual velocity of 

the liquid, another equation can be derived similar to that of Chu & Jones. 

0.135 0.33 I lb 0.14 Pa 0.17 
NuTP = 21.04 ReLa PrL (P ) (7) 5.2.8 

w 

Similarly, using the definition of Groothius and Hendal for the 

mixture Reynolds number, another correlation has been found which best 

fitted the present data in the form of 

0.74 0.33 ub 0 -0.48 5.2.9 NuTP = 6.108 ReTP PrL ( 
11 

) Re- 

w 

This equation contains the liquid Reynolds number in two terms because 

ReTP cannot be separated to account for each liquid Reynolds number. 

Both equation 5.2.8 and 5.2.9 could successfully predict the present 

data within + 4% and + 8% respectively. 
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5.2.9 Prediction of Two-Phase h. t. c. in the Form of the Ratio hTP/hSP 

Prediction of the two-phase h. t. c. in the form of its ratio to the 

single-phase h. t. c. illustrates the effect of introducing a gas into 

a flowing liquid on the heat transfer process. 

Hence, an attempt was made to correlate the present data in the 

form of the ratio hTP/hSP. Three terms have been considered, which account 

for the presence of the gas. Those are gas/liquid rate ratio (Q 
g/QL), 

void fraction (a) and Martenelli parameter (XTT). Correlations available 

in the literature to calculate hTp/hSP are mentioned for the purpose of 

comparison with those derived from results shown in the present work. 

Prediction of hTP/hsp in Terms of Qg Q, 

When the ratio hTP/hSP is plotted against Qg/QL three correlations 

have been found which best fit the present data as follows: 

hT 

h=1+3.81 
(Q 
Q&) 0. 

SP L 

hT 

h=1+2.92 
(Q 
)0.1 

SP L 

at QL = 6.8 x 10-5 m3/s 5.2.10 

hT 

h=1+1.31 
(Q 
)0.1 SP L 

QL = 11 x 10-5 m3/s 5.2.11 

QL = 18.8 x 10-5 m3/s 5.2.12 

These correlations are plotted against the present experimental data 

in Fig., 4.4.4 showing excellent agreement. 

To account for the liquid flowrate a final correlation has been 

derived in the form of, 

hT 

h=1+7.414 
(Q 
)O'1 10-3944 QL 5.2.13 

SP L 
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Predicted values of hTP/hSP using equation 5'. 2.131. are plotted 

against the experimentally measured values in Fig. 5.2.14. Good agree- 

ment is observed where 97% of the points occur within + 10% of the 

predicted values. 

Equation 5.2.13 is plotted against some experimental results of 

other workers in two-phase air/water mixture in Fig. 5.2.15. The results 

of Oshinowo can be successfully predicted using equation 4.4.11 in addition 

to the present experimental data. 

Ravipudi's results occur within acceptable deviation (maximum 30% 

lower). The results of Groothius & Hendal also show a reasonable deviation 

from the present equation (+ 30%). The results of Elamvaluthi (1984) 

are only 20% lower than equation 5.2.13. The results of Gose et al (1967) 

are successfully predicted by equation 5.2.13.. 

An alternative form of equation 5.2.13 was found with better 

prediction of most of the experimental values of hTp/hSP (Fig. 5.2.16). 

hQ0.1 

hT =1+ (Q) (5.229 - 2.084 x 104 QL) 5.2.14 
SP L 

This equation is even preferred over equation 5.2.13 for the present 

experimental prediction although it gave poor prediction of hTp/hSP at 

higher water'rates (>0.25 kg/s) leading to a final preference of equation 

5.2.13 over equation 5.2.14 for general application. 

Martin & Sims (1971) correlate their experimental results in 

horizontal rectangular duct in the form of, 

T 
h=1+6.4 

Q 5.2.15 
SP L 
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A similar equation was given by Knott et al (1959) for a bubbling 

column in the form of, 

hTP Q 0.33 

hSP =1+ (_&) 5.2.16 QL 

Neither of the above correlations takes into consideration the effect 

of liquid rate as a separate term. The correlation of Knott and his 

colleagues ignored the effect of liquid rate because the variation was 

small and did not show any significant effect on their experimental 

values of hTEJhSP. 

The above two correlations show a higher effect of Qg/QL on 

hTp/hsp than in the present correlations. Equation 5.2.15 predicts 

very high values of hTp/hSP either compared with the present correlations or 

with equation 5.2.16 and this could be because Martine's column had 

an injection of gas-phase from the porous heated surface in addition 

to that injected at the inlet of the heat exchanger. The air injected 

through the porous surface was heated while there was no indication of the 

temperature of air injected at the inlet. The appearance of the liquid 

rate term in the present correlations shows less dependence of two-phase 

h. t. c. on ReL than that in the single-phase h. t. c. This is in agreement 

with most investigators' work on two-phase mixture (see Chp. 2 and 

section 5.2.7). Kenning et al (197) gave good evidence supporting 

this agreement (their experimental results of hTp/hSP vary at different 

liquid rates at the same value of Qg/QL). Equation 5.2.13 was examined 

under a wider range of liquid rates. These were 0.15,0.25, and 0.3 Kg/s. 

As the liquid rate is increased, however, the maximum permissible 

operating gas rate will decrease due to the fact that there should be 



115 

6 

5 

0 

x W 
0 

r V) 4 

3 

2 
hTP / hSP)PRD 

Fig. 5.2.16 Predicted and measured values of hTP/hSP using 

different correlations 

23456 



116 

no suspended gas bubbles recycling in the system (which would occur at 

high liquid and gas rates). The experimental results of hTp/hSP are 

plotted against equation 5.213 in Fig. 5.2.17 showing good agreement. 

Prediction of hTP/hSP in Terms of Void Fraction, a 

In the present work the void fraction was measured in most experiments 

(limitation in the minimum and maximum void fraction that can be 

measured due to apparatus configuration; see Chp. 3 for details). An 

attempt was made to correlate hTp/hSP in terms of a at each liquid 

rate, which best fitted the present data, viz, 

hTP 
- 4.77 (1 )0.2 at Q=6.8 x 10-5 m3/s hSP 1-a L 

1)0.2 
hT = 3.77 (1 

x SP 

1)0.2 
hT 

h=2.1 
(1 

a SP 

QL = 11.0 x 10-5 m3/s 

QL = 18.8 x 10-5 m3/s 

5.2.17 

5.2.18 

5.2.19 

Excellent agreement was found between to experimental results and 

the above correlations as can be seen in Fig. 5.2.18. A general 

correlation which considers the liquid rate term, however, is preferred 

and it was found in the form of, 

hT 

h=7.774 
(11a)0.2 e-6800 

QL 

SP 
5.2.20 

An alternative to equation 5.2.20 was found which fitted the above 

liquid rates better. The equation, however, lacks general application 

at higher liquid rates (> 0.25 Kg/s), viz, 
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hTP 
= (l1 )0.2 (6.2482 - 2.2144 x 104 QL 5.2.21 

SP 

Comparison of predicted and measured values of hTp/hSP using 

correlations 5.2.20 and 5.2.21 are shown in Fig. 5.2.14 and Fig. 5.2.16 

respectively. 

Collier (1970) gave the following correlation relating hTVhSP 

with a: 

hTP 1 )n 
hSP 1-a 

n=0.83 for turbulent flow 

n=0.33 for laminar flow 

5.2.22 

Collier's correlation is an approximation of the prediction of 

hTp/hSP and it is a conservative estimate of the increase in the h. t. c. 

based on the assumption that the introduction of gas only serves to 

increase the liquid phase velocity. 

Aggour (1978) used Collier's correlation to predict his own exper- 

imental data. His own data occur within + 50% of the predicted values 

showing poor prediction. Equation 5.2.22 assumes that the liquid Reynolds 

number in two-phase mixture has the same exponent as that in the 

single-phase, and this could explain the approximate results of hTpihSp 

predicted by this correlation. Lunde (1961) presented a theoretically- 

based correlation in slug-flow regime in the form of, 

)1.12 Re-0.16 at Re <3x 103 
h TP 

- 3.0 (ll 
-a L La h SP 

5.2.23 
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h TP 
= 0.96 (1 

La 
0.8 

Re >3x 103 5.2.24 h 
SP 

Equation 5.2.23 is similar to the present correlation in that 

both include the effect of liquid rate as a separate term showing 

that the dependence of the h. t. c. on ReL in two-phase mixture is 

different from that in single-phase flow. 

At high liquid rates (completely turbulent flow) the dependence 

of the ratio hTP/hSP on the liquid rate is neglected as can be seen in 

equation 5.2.24. 

It was found from the present investigation that the ratio 

hTI/hspis higher at lower liquid rates than at higher rates (as was 

discussed in 5.2.2 and as can be seen from Fig. 5.2.18). The correlations 

of Lunde (1961) support this conclusion as shown by equation 5.2.23. 

The ratio hTp/hSPis generally higher in laminar flow than in turbulent 

flow as can be observed from Lunde's correlations. This result is 

in agreement with the present findings, however, it is in contrast 

with the correlation of Collier (1970) (equation 5.2.22). 

None of the correlations mentioned above could predict the present 

results successfully. This is because they are equations based on 

a theoretical approach which were not supported by successful prediction 

of experimental data. 

Drucker et al (1984) correlated the ratio hTP/hSP in terms of a 

(< 0.4) Gr and Re using a theoretical approach in the form of, 

ha Gr 0.5 

hT =1+2.5 ( 
2L) SP Re L 

5.2.25 

Where Gr is the Grashof number for the continuous phase (liquid) it 
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is given as, 

2 
Gr = pL (PL - Pg) Sd3/}'L 5.2.26 

While equation 5.2.25 predicts much higher values of hTp/hSP than 

the present experimental results, equations 5.2.22 and 5.2.23 predict 

lower values of hTp/hSP than the present data because those correlations 

cannot be generally applied. 

Drucker et al (1984) used some correlations available in the 

literature to calculate the void fraction rather than the actual 

measured values which would affect considerably the accuracy of the 

suggested correlation for hTP/hSP. 

Prediction of hTP/hSP in terms of Martenelli's Parameter XTT 

Martenelli's Parameter XTT is basically used in two-phase gas- 

liquid mixture for the prediction of pressure drop. It has also been 

successfully used to correlate the boiling h. t. c. In addition the 

independent variable XTT is easy to calculate, hence, some researchers 

have suggested it as a parameter to determine hTP/hsp. 

parameter XTT is defined as, 

0.9 p o. 5 0.1 
XTT = i1XX) (_&) ("L .) 

L9 

where x: mass fraction of the gas phase. 

5.2.27 

The present results of hTlhSP were correlated in terms of XTT 

leading to the following correlations: 

Martenelli's 

hSP - 6.4 XT- T'095 
at QL = 6.8 x 10-5 m3/s 5.2.28 

SP 
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hP=5.2 
X-0.095 

SP 

T=3.0 X-0.095 
h SP 

QL = 11.0 x 10-5 m3/s 5.2.29 

XL = 18.8 x 10-5 m3/s 5.2.30 

The above correlations predict well the experimental results 

as can be seen from Fig. 5.2.19. A single correlation which considers 

the effect of liquid rate was found to be in the form of, 

'095 (-26.573 - 3.467 In Q) 5.2.31 
h TP 

= XT L h SP T 

A better representation of the experimental data was found using 

the alternative correlation, 

hTP 
= XT0T. 

095 (8.321 - 2.8317 x 104 QL 5.2.32 
SP 

Equation 5.2.31 is plotted against experimental results in 

Fig. 5.2.2.0 showing excellent agreement (maximum deviation found was 

only 10%). 

Equation 5.2.32 even though it predicts the present data better 

than equation 5.2.3 1. gives poor prediction of hTp/hSP at higher liquid 

rates (> 0.25 Kg/s). Both experimental and predicted values of 

hTp/hSp, using either equation 5.2.31 or 5.2.32 are plotted in 

Fig. 5.2.14 and Fig. 5.2.16 respectively. The low dependence of 

hTp/hSP on XTT as can be observed from the exponent in the present 

correlations could be due to relatively low gas rates covered through- 

out the present study. 
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In the literature Vijay (1978) tried to correlate his experimental 

results of hTP/hSP in terms of XTT leading to the following correlation: 

h TP 
- 4.09 X-0.325 5.2.33 h SP 

Vijay's attempt was not fully successful where only 80% of his 

results occurred within + 50% of the above correlation. This could 

be mainly due to the absence of the liquid-rate term from his correlation 

and this was seen from his plotted data where different liquid rates 

showed definite trends. 

5.2.10 Temperature Profile Along the Heat Exchanger 

Bulk and wall temperatures have been measured along the heat 

exchanger in addition to the inlet and outlet temperatures in order 

to study the temperature profile. 

As expected, the temperature of the bulk mixture increases steadily 

along the heat exchanger and the temperature difference between the 

inlet and outlet increases with the decrease of liquid rate showing 

a similar trend to that of the single-phase. The same trend of the 

bulk temperature profile has been observed at different combinations 

of air and water rates. 

The wall temperature was not uniform, it dropped at the first 

part of the heat exchanger then increased slightly and the increase 

continued until the outlet of the exchanger. Because the low wall 

temperature appeared to be unusual, the thermocouple was removed and 

exchanged with one of the others. The same temperature was recorded, 

therefore, this is accepted as a true temperature profile. The two 

thermocouples at the inlet of the exchanger were also interchanged 

and again the same result observed. The high wall temperature at 
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the inlet (Fig. 5.2.21) probably resulted from the high heat transfer 

from the hot water. 

The graph shows that the h. t. c. in the jacket is higher than 

that in the tube at the first part of the exchanger. The difference 

between the two coefficients decreases initially for almost quarter 

of the length of the exchanger where both coefficient are almost the 

same. In the rest of the exchanger the h. t. c. in the jacket again 

exceeds that in the tube until the end of the exchanger where maximum 

difference occurs between the two coefficients. 

5.2.11 Local Two-Phase Heat Transfer Coefficient 

In the previous treatment of two-phase h. t. c. only the mean value 

has been used depending on the inlet and outlet temperatures. The 

local h. t. c. is important in understanding the flow of the two-phase 

mixture and it gives an idea of the velocity development. To calculate 

the local h. t. c. the exchanger was divided into four equal sections 

and bulk and wall temperatures were recorded. 

The heat gained by each section was calculated from the bulk 

temperature difference along the section and the liquid flow rate. 

The sum of the heat gained by the four sections should be within + 5% 

of the heat lost from the hot water flowing in the annulus. The results 

of the study showed that the local h. t. c. was high in the first section 

and it even increased slightly sometimes in the second. In the third 

section the h. t. c. dropped significantly while a continuous decrease 

was found in the last section. Many experiments showed that the maximum 

value of the local h. t. c. generally occurred in the second section 

(see Fig. 5.2.22) while the minimum value was generally found in the 

last section. The difference in the local h. t. c. between section 1 
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and 2 and between section 3 and 4 is small and even sometimes reaches 

zero. 

The reason for the higher local h. t. c. in the first sections 

could be related to the high turbulence occurring in the first part 

of the exchanger, which affected also the wall temperature as discussed 

before. The high turbulence probably reduced the boundary layer thickness 

considerably leading to higher heat transfer rate, which was noticed 

at the first half of the exchanger. The shape of the profile of hTp with 

distance along the tube was a function of the initial liquid velocity 

and flow pattern. 

The higher h. t. c. in the first half of the exchanger reveals 

the undeveloped flow length. In the present result the developing 

length including the piping and valve ahead of the exchanger was found 

about 30d which is identical to that given by Serisawa (1975) (30d). 

5.3 Factors Affecting h. t. c. in Two-Phase Mixture Flow 

5.3.1 Introduction 

The heat transfer coefficient in two-phase gas-liquid mixture 

is affected by numerous factors. The study of each factor which could 

affect the h. t. c. therefore is of great importance. Conclusions which 

are both general and show the effect of each factor with certainty 

can only be established if these factors are examined carefully on 

the same heat exchanger installed in the same circuit. The present 

study of the effect of these factors is, therefore, an indication 

only and further study is needed. 

5.3.2 Factors Affecting the Two-Phase Mixture Heat Transfer Coefficient 

An attempt was made here to study the effect of possible factors 

which could affect the h. t. c., either from the present investigation 
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or from analysis of the literature. A major difficulty was met during 

this study, that is, when comparing two investigators' results in 

their examination of the effect of a specific factor it was not always 

possible to keep all other factors constant. Some investigators also 

did not mention some important details of the apparatus which could 

be a source of effect on-the h. t. c. Throughout this study, however, 

much care has been taken to minimize the effect of these side factors 

and almost identical exchangers have been chosen for the study of 

the effect of any specific factor. 

The possible factors which could affect the h. t. c. are given 

below. 

1. Diameter of the heat excchanger 

The effect of the exchanger diameter in two-phase mixture is 

similar to that in single-phase. The dimensionless correlations showed 

that as the diameter increased, the h. t. c. decreased. Evidence can 

be provided from experimental work carried out in two investigations. 

Elamvaluthi (1984) did his investigation using a heat exchanger of 

1.0 cm I. D. and 90.8 cm length, while Chu & Jones (1982) carried out 

experiments with a 2.67 cm I. D. and 86.0 cm length exchanger. At different 

air/water rate ratio and at the same water velocity (1.1 m/s), 

Elamvaluthi found a higher h. t. c. ( 40%) than that measured by Chu 

& Jones, which could be mainly due to the difference in the diameter, 

as can be seen from the following table. 

Qg/QL 0.5 0.8 1.2 

Chu hTP/hSP 1.55 1.65 1.85 

Elamvaluthi hTP/hsp 2.20 2.35 2.60 
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2. The length of the heat exchanger 

Both Verschoor & Stemerding (1951) and Groothius & Hendal (1959) 

carried out investigations to measure the h. t. c. in air/water mixture 

using the same diameter of the exchanger (1.4 cm). The former used 

an exchanger of 40.0 cm in length while the latter used an exchanger 

of 19.6 cm (half the former). Their results are summarized in the 

following table: 

Groothius Verschoor 

Q9 __TP 
VL hTP VL 

QL BTU/hr ft2 °F 
m/s BTU/hr ft2 °F m/s 

1.0 830 0.285 800 0.27 

10.0 900 1000 

50.0 2300 1600 

100.0 3200 1800 

50.0 1750 0.2 1100 0.19 

100.0 2500 1300 

The length of the heat exchanger could be mainly responsible 

for the variation in the values of the h. t. c. at almost the same liquid 

(water) velocity and at the same ratio of Qg/QL. At low air rates 

(Qg/QL < 10) the effect of the exchanger length on the h. t. c. is 

negligible, as can be seen from the table. At higher air rates the 

effect is significant where the h. t. c. measured by Groothius and 

Hendal is almost double those measured by Verschoor & Stemerding. 

This could be due to the development of the flow which is likely to 

occur at the longer heat exchangers, resulting in lower h. t. c. 



132 

3. Air-Injector Design 

The effect of air injector tube diameter and design is significant 

upon the liquid rate lifted in the air-lift pump. Foumeny (1985) found 

that the water rate increased with the decrease in injector diameter. 

Hence, the h. t. c, being a function of the water rate, will increase 

as a result. 

At constant water rate, using a pump, it is expected that the 

design of the air injector has no effect on the h. t. c. if there is 

a long calming section because the flow will develop before it reaches 

the heated section. 

4. Method of Gas Injection 

It was found by Kudirka (1964) and Gose et al (1954) that the 

injection of gas through the heated wall is a much more effective 

means of increasing the heat transfer rate than passing a bubbly mixture 

co-current flow through the heated section. However, this is true 

only in the bubble flow regime. In addition the gas flow through 

the porous heated surface is subject to a maximum limit. 

If the gas phase is introduced through the heated surface in 

addition to that injected with liquid, a different effect has been 

found by Kudirka (1964). The effect is an increase or decrease in 

h. t. c. depending on the liquid rate and the flow pattern. 

5. Presence of Calming Section 

The presence or absence of calming section is important in the 

two-phase mixture study. The development of the flow is related to 

the presence of a calming section and its length. In the present 

investigation experiments were carried out with a short calming section 

(33 cm). When some runs had been carried out with no calming section 

(air being injected at the bottom of the exchanger) it was found that 
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the h. t. c. increased slightly (5-10%) over that with the presence 

of the calming section. 

Vijay (1978) showed that the absence of a calming section appears 

to influence the h. t. c. only at low values of Qg and QL. When there 

is no calming section at low QL and pL (water) the velocity and thermal 

boundary layers develop simultaneously yielding higher values of hT,. 

At high pL (viscous liquids) the thermal boundary layer, however, 

develops very fast consequently minimizing the effect of the calming 

section. 

6. Direction of flow, upward or downward 

In vertical tubes it was found that the direction of the flow 

affects the h. t. c. in two-phase mixture. Chu & Jones (1982) showed 

in their work with a pumped system that hTp in air/water mixture flowing 

downwards in turbulent flow, exceeds that of upward flow for the same 

mass rates of gas and liquid. In bubbly and slug flow regimes this 

is attributed to significantly different liquid velocities and velocity 

profile for the upward and downward flow orientations. The reason 

for this could be attributed to the higher void fraction in downward 

flow than in upward flow which induces a higher liquid velocity. Another 

ipportant factor could be the much higher velocity in the fluid near 

the wall in downward bubbly flow which results in higher wall shear 

stress which generates a higher turbulence intensity and, thus, enhances 

the heat transfer rate. 

Dorrestijn (1972) found that in air/oil mixture the h. t. c. in 

upward laminar or transition flow exceeds that in the downward flow, 

but in the turbulent region the h. t. c. is almost the same in both 

directions. 
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7. Geometry of the Heat Exchanger, Horizontal or Vertical 

Two investigators' results with different geometry of the heat 

exchanger have been compared here. These are Chu & Jones (1984) who 

conducted experiments on the h. t. c. in air/water mixture using a vertical 

2.67 cm I. D. exchanger and Johnson and Abou-Sabe (1952) using a horizontal 

2.54 cm I. D. exchanger. Their h. t. c. results are given below: 

Vg, m/s 

0.5 

0.75 

1.00 

0.50 

1.00 

1.50 

2.00 

Chu 

hTP/hsp VL, m/s 

2.90 0.42 

3.20 

3.30 

1.05 2.97 

1.10 

1.15 

1.20 

Johnson 

hTP/hSP 

1.95 

2.15 

2.25 

1.15 

1.15 

1.20 

VL 

0.43 

2.93 

1.20 

The results show that at high liquid velocity the h. t. c. is 

almost the same indicating negligible effect of the exchanger 

geometry. At low liquid velocity, however, the ratio hTP/hSP in 

vertical exchanger is much higher (50%) than that in horizontal 

exchanger. 

8. Condition of Gas Phase 

The humidity of the gas is important. If dry air has been used 

a considerable amount of heat will be transferred as latent heat in 

the course of the saturation of the gas. This will affect the calculation 

of the two-phase h. t. c. Although this will increase the heat transfer 
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rate to the mixture, the calculated value of hTp will appear to 

decrease unless the heat taken up by the water vapour is included 

in the heat load. If the latent heat is a significant part of the 

total it may be that the use of logarithmic mean temperature difference 

is not permissible. This phenomenon is more proncounced at high air 

rates where much more heat will be lost to the gas in the form of 

vaporization from water. 

The maximum hTp is expected to be gained when saturated air is used. 

In the present work almost saturated air has been used as was discussed 

in Chapter 3. 

9. Separation Procedure 

Separation procedure of gas from gas/liquid mixture is important. 

If the gas phase is not completely separated, this means that unobserved 

suspended gas bubbles might circulate throughout the system and could 

cause an increase in the h. t. c. In the present experiments this was 

detected. The effect of the presence of suspended air bubbles has 

been discussed in detail in Chapter 4. 

10. Gas and Liquid Flow Rates 

The effect of gas and liquid flow rates has been extensively 

studied in the present work elsewhere in this Chapter and in the 

literature, discussed in the literature review. Generally, the h. t. c. 

in gas/liquid increases with the increase of both gas and liquid flow 

rates. The h. t. c. could reach a maximum at very high gas rates 

( Qg/QL = 100). 
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11. Gas and Liquid Physical Properties 

The physical properties of gas are of less importance because 

their effect on the h. t. c. is not significant. 

The physical properties of liquid are dominant in determining 

the h. t. c. This is because the liquid phase is the main heat transfer 

body where the heat capacity, thermal conductivity and viscosity are 

very high compaed with those of the gas phase. The effect of the 

physical properties will be discussed in detail in the next section. 

Other factors which could affect the h. t. c, such as flow pattern 

and pressure drop, are themselves dependent upon other factors, and 

hence, cannot be mentioned separately. 

5.4 Study of the Effect of Fluid Physical Properties Upon Heat 

Transfer in Two-Phase Mixture 

5.4.1 Introduction 

The h. t. c. in two-phase mixture is affected by the physical prop- 

erties of fluids flowing through a heat exchanger. These are usually 

considered in the form of dimensionless numbers, such as Reynolds, 

Prandtle and Nusselt numbers. 

Gas physical property effects on two-phase h. t. c. have received 

very little attention in the literature. This almost certainly is 

due to the less pronounced effects of the gas properties upon the 

h. t. c. (being very low) compared with the effects of liquid properties. 

Aggour (1978) was the only investigator who had studied the effect 

of gas density upon the two-phase h. t. c. No effect was observed of 

the gas density on h. t. c. for low water and gas rates, and for high 

water rates and all values of air rates. For low water rates and high 

gas rates, there were significant effects of gas density on the h. t. c.; 
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for the same water and gas rates; the higher -the gas density, -the higher 

the h. t. c. 

The physical properties of liquid are believed to have significant 

effect on two-phase h. t. c. (see previous section). Even so, the liquid 

viscosity is the only property which has received extensive study 

about its influence on the heat transfer process. This could be 

due to the considerable effect of liquid viscosity on the h. t. c. as 

will be discussed later. In the present investigation only the physical 

properties of liquid have been considered namely the viscosity and 

surface tension. 

Attempts have been made to study the effect of liquid surface 

tension upon hTp. This was not successful because the solutions used 

each formed a stable froth which was circulating through the equipment. 

Other liquids could cause either health risk (volatile liquids) or 

explosion hazards. 

Tests were carried out to select a liquid of higher viscosity 

than water suitable for use in a two-phase mixture. Aqueous glycerol 

solution was chosen at 25% and 50% concentrations. This is because 

these did not form a froth when mixed with air. In addition this 

liquid is not harmful and has a suitably high viscosity. The range 

of air and liquid rates were determined on the basis that no dispersed 

air bubbles should be circulating in the system. 

5.4.2 Heat Transfer in Air/Glycerol Solutions 

Single-phase h. t. c. 's were measured prior to the measurement 

of the two-phase coefficients. For two-phase mixture using 25% glycerol 

solution the h. t. c. increased significantly over that of the single-phase 

liquid when the first amount of air was added at liquid velocity equals 

0.08 m/s. When liquid velocity was increeased to 0.15 m/s the h. t. c. 
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continued to increase and the further increase in air rate increased 

the h. t. c. to a more pronounced degree than at 0.08 m/s liquid velocity. 

A similar trend was observed when the liquid velocity was increased 

to 0.22 m/s (see Fig. 5.4.1). 

The study of heat transfer in air/50% glycerol was carried out 

at more limited range of air and liquid rates because the possibility 

of forming a frothy mixture occurs at lower values of air and liquid 

rates. 

When the first amount of air was added to the flowing 50% glycerol 

solution the h. t. c. increased significantly over that of the single-phase 

liquid (see Fig. 5.4.2). The increase is even more than that which 

occurs with the 25% glycerol. The effect of increasing air rate was 

negligible. The heat transfer coefficient remained almost constant over 

the whole range of air rate. The ratio hTp/hsp is plotted against Qg/QL 

in Fig. 5.4.2. The following observations and conclusions have been 

deduced from the graph and from comparison with the h. t. c. in air/water 

mixture. 

1. The effect of the liquid viscosity on the two-phase h. t. c. is 

significant. There is an inverse relationship between pL and hTp, 

i. e. hTp increases with the decrease in pL at the same rates of gas and 

liquid. This is essentially due to the nature of initial liquid flow, 

which could be laminar or turbulent depending on the value of PL* 

For example, when VL = 0.36 m/s then ReL = 11,600 for water and 

ReL = 2600 for 50% glycerol solution rendering the flows turbulent 

and laminar respectively. Another explanation could be the difference 

in the single-phase h. t. c. which was much higher in water than in 

glycerol solutions (also inverse relation with uL). Although the 
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addition of air into the liquid phase will increase the h. t. c., the 

values of hTp will still be affected by the initial values of hsp for 

each liquid. 

2. The h. t. c. increases with the increase in liquid rate. This 

result confirms that of air/water mixture-but to a smaller extent. 

3. The effect of the increase in the air rate on hTp is most 

pronounced at the lowest pL and at the highest VL. 

4. The effect of the addition of air into viscous liquids on the 

h. t. c. is significant and is most pronounced at lowest liquid rate, 

where the ratio hTp/hsp increases with the decrease in liquid rate, 

confirming the results of heat transfer in air/water mixture (Fig. 5.4.2). 

5. The introduction of air into flowing liquid has its most pronounced 

effect on h. t. c. at the highest µL (at given gas and liquid rates 

the higher the value of UL, the higher the ratio hTp/hSp; e. g. 

hTp/hSp = 4.3 for air/25% glycerol while it equals 3.0 for air/water 

mixture, both at air rate equal 1 1/m and liquid rate equals 8.2 x 10-5 

m3/s). 

5.4.3 Comparison Between the Present results with Other Investigators 

Results 

The present results in air/viscous liquids showed that the increase 

in uL resulted in a decrease in hTP and an increase in hTP/hSP. This 

result is generally in agreement with other investigators' results. 

The effect of liquid rate on hTP is also in agreement with others' 

findings. 

The results of Kudirka (1964) are, however, in contrast with 

the present findings and with most published work. His work showed 

that the ratio hTp/hsp is higher in air/water mixture, especially at 

low liquid rate, than that in air/glycerol mixture at the same rates 

of gas and liquid. His results, however, did show that hTp in air/water 
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mixture is higher than hTp in air/glycerol, confirming the present 

results and those of other investigators. 

The present results are plotted against some investigators' results 

using different viscous liquids in Fig. 5.4.2. It should, however, 

be emphasized that for the reasons given below, it would be unreasonable 

to expect close agreement. 

1. The geometrical dimensions of the test section, method of 

mixing, heating and measurement were not identical. 

2. The presence or absence of a calming section and its length 

influences the data. 

3. The fluid properties were quite different. 

4. Generally the superficial liquid velocities were not the same. 

5. The unavoidable errors involved in the process of extracting the 

data from the investigators' plots. 

Good agreement is found between the present result of air/25% 

glycerol solution at ReL = 3200 with those of Groothius and Hendal 

(1959) at ReL = 3400 as can be seen in Fig. 5.4.2. 

Ueda's (1967) results of heat transfer in air/solton oil 

(Pr = 24) mixture follow a similar trend to the present results. The 

presentation of his results of hTP against the void fraction showed 

almost constant values up to a=0.65, beyond which a slight increase 

in hTP with the increase of a. 

5.5 Heat Transfer in Two-Phase Solid-Liquid Mixture 

5.5.1 Introduction 

In the previus sections it was found that enhancement of h. t. c. 

was possible by adding air into flowing liquid. The mechanisms 

responsible for this enhancement were also discussed (section 5.2.3). 
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A question arises here, is it possible to enhance the h. t. c. of the 

single-phase liquid by adding solid particles instead of gas? 

Tests were carried out to select a suitable solid material with 

low specific heat and thermal conductivity. The material should also 

be insoluble in water with slightly higher density than water. Ballotini 

fine particles were found suitable for this study. 

5.5.2 Effect of Solid Particles Upon the h. t. c. in Flowing Water 

Water was first pumped at a relatively high rate (0.43 Kg/s) 

(to prevent any settling of solids later on). After steady state 

conditions have been reached the h. t. c. was then measured (equals 

2.7 k'w/m2 °C). Keeping the water rate constant, a small number 

of Ballotini particles were then added into the flow at a concentration 

of 1.0 vol %. The h. t. c. was measured after steady conditions have 

been reached. The results showed no noticeable effect of the solid 

particles on the original h. t. c. The solid particles concentration 

was, therefore increased gradually up to 3% and finally to 5%. The 

results showed again no noticeable effect of solid particles upon 

the measured h. t. c. in both concentrations. 

Because of the limitation of the present apparatus, it was not 

possible to run experiments with higher concentration of solids. 

Actually the rig was not originally designed to handle solid particles, 

settlement of particles would occur in the cooling column, separation 

tank, pump and pipes. 

The solid particles were expected to improve the mixing in the 

flowing liquid and to disturb the boundary layer of the liquid resulting 

in enhancement of the h. t. c. 

This did not occur in the present experiments, where no enhancement 

in the heat transfer was observed and this could probably be due to 

low solid concentration in the liquid. 



144 

It is, therefore, suggested to improve the present design of 

the apparatus to allow the handling of higher concentrations of solids. 

Coarse particles of different materials should also be examined for 

their effect on the h. t. c. 

The operating solid to liquid volume ratio (Qs/QL), is however, 

limited to a maximum which is much less than that of Qg/QL. The 

maximum Qs/QL in any solid-liquid mixture container is 1.5, therefore, 

the maximum permissible operating ratio will be much less than this 

value. 

5.6 Performance Analysis and Economic Consideration of the Two-Phase 

Gas-Liquid Heat Exchangers 

5.6.1 Introduction 

The improvement of the performance of an existing heat exchanger 

is of great importance. The injection of a gas phase into flowing 

liquid would increase the h. t. c. considerably. Hence an improvement 

in the heat exchanger duty is expected. 

Reduction of equipment cost may be possible; for instance, if 

advantage is taken of the significant increase in h. t. c. that occurs 

when gas is introduced into liquid flow. 

5.6.2 Performance of Two-Phase Heat Exchangers 

For an existing heat exchanger, the heat gained by single-phase 

and two-phase flow is given by the following equations: 

qsP =A hSP ATSP 5.6.1 

qTP =A hTP ATTP 5.6.2 

... R 
qTP 

= 
hTP ATTP 

5.6.3 qSP hSP ATSP 
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The improvement of the heat exchanger performance can be achieved 

by the increase in the heat transfer rate in two-phase over that in 

the single-phase flow (R- ). The ratio R increases with the increase 

in both hTp/hSP and ATTp/ATSP. Experimental results showed that the 

ratio hTp/hSP increased with the increase in gas rate (at a given liquid 

rate) and decreased with the increase in liquid rate (at a given gas 

rate). The gas and liquid rates show, however, an inverse effect 

on ATTp/ATSP over that of hTp/hSP. Hence, the increase in the ratio 

hTp/hsp is always accompanied by the decrease in the ratio ATTP/ATSP. 

Generally, the effect of the ratio hTp/hsp on R-, however, is more 

pronounced than the effect of ATTp/ATSP. 

This leads to a conclusion that the increase in hTP/hSP 

results generally (not always, depending on the liquid rate) in an 

increase in R. 

Ravipudi's work shows that the increase in R_, at a specific 

liquid rate, is not so ponounced as that of hTp/hSp, even if it follows 

almost the same trend, (due to the inverse effect of AT 4 ATSP) and the 

maximum increase in R did not exceed 70% of the increase in hTP/hSP. 

In the present work the incease in the gas rate has the most 

pronounced effect on R. at low liquid rate (even so-the effect is 

not considerable) and at high liquid rates R is almost constant over 

the range of the gas rate. 

From the present results equation 5.6.3 can be re-written as, 

R= '0.5 
hTP 

5.6.4 hSP 

this is an approximate equation where the ratio ATTPATSP varies 

between 0.45 and 0.6 depending on both gas and liquid rates. Hence, 

to improve the performance of the present heat exchanger the ratio 
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hTp/hSP should be over 2.0. For example, if the ratio hTp/hSP 

equals 6.0, which occurs at QL = 0.068 Kg/s and Qg = 7.0 x 10-4 m3/s, 

then the heat transfer rate when gas is injected is three times that 

of single phase. The present results show that the ratio hTp/hsp is 

less than 2.0 at high liquid rates (> 0.25 Kg/s) resulting in almost 

no improvement in the heat exchanger performance over that of single 

phase. This leads to the result that the optimum operating conditions, 

which result in the best performance of the heat exchanger, occur 

at the lowest possible liquid rate with the maximum possible gas rate. 

A question arises here, at what gas/liquid rate ratio should 

the exchanger operate to give the maximum performance? As it was 

discussed above the maximum gas rate is generally preferred especially 

at low liquid rates but this is associated with a high power consumption. 

It is not possible to give an answer unless much more data are obtained 

and more detailed information about the progress of-heat transfer 

rate along the range of gas rate is available. An attempt is made 

to give an approximate solution. It is believed that the optimum 

operating condition of a two-phase heat exchanger occurs at the maximum 

R"' with minimum power consumption. It is assumed that the heat 

exchanger should operate at Qg/QL equals 10.0. The analysis of all 

researchers' results in the literature showed that an increase between 

30% and 100% in hTP/hsp is observed when Qg/QL is increased from 10 to 

100 over a wide range of liquid rates and viscosities. If the increase 

in the ratio QTP/QSP equals 50% of that of hTP/hsp(this is an average 

value taken from the work of Ravipudi at a wide range of gas and liquid 

rates) then the increase in R" will be between 15% and 50%. 

This shows that the maximum increase in R when Qg/QL is increased 

from 10 to 100 is only 50% which is not very great compared with the 

high power-consumption required. 'The-shortage of data about heat transfer 
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rate in other researchers' results leave us with a conservative answer 

about the optimum gas/liquid rate ratio (= 10). Some researchers' 

results (e. g. Kudirka (1965)), however, showed that a local maximum 

is observed in hTp/hSP at Qg/QL = 10 which supports the above argument. 

The above argument of improving the heat exchanged performance 

of an existing exchanger by the injection of air is based on the pumped 

liquid system. A question arises here, therefore, why not increase 

the liquid rate to get higher h. t. c. rather than injection of air, 

which means another power consumption source? 

The results of Gose et al (1957), for instance, showed that 

injection of N2 at 1.0 1/m rate into flowing water at Re 
L= 750 would 

increase the h. t. c. up to that of single-phase flowing at ReL = 17500. 

The answer for, this question depends mainly on the cost of air. 

If the air is available in the plant with very low cost, it is, therefore, 

preferred to inject air to improve the heat exchanger performance 

using small low cost pumps rather than using larger pumps of high 

cost to get the same degree of improvement. 

In air-lift systems, the air that is used to lift the liquid 

would also enhance the heat transfer over that of single-phase driven 

by a pump. 

The presence of gas in biological processes has the advantage 

of increasing the heat transfer rate through the fluid. 

5.6.3 Economic Consideration of Two-Phase Heat Exchangers 

Two-phase heat exchangers have the advantage of smaller heat 

transfer area than that of single-phase liquid, if the heat duty is 

a constant value resulting in the saving of exchanger cost. Ravipudi 

(1978), for instance, suggested a two-phase heat exchanger as an 

alternative to the usual cooling tower, which would cost about half 

that of the cooling tower. 
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For a given heat duty, the reduction of exchanger area by intro- 

ducing a gas-phase into the liquid can be expressed by the following 

equation: 

ATP ATSP/ATTP 

ASP hTP/hSP 5.6.5 

This equation shows that the maximum reduction in the area of 

the heat exchanger occurs at the maximum value of hTp/hsp. For 

simplicity if the ratio ATTp/ATSP is assumed equals 1.0 (assuming 

that the jacket h. t. c increases with the same degree as that of hTp), 

then the equation will reduce to: 

ATP 1 
ASP hTP/hSP 5.6.6 

About half the area of the single-phase heat exchanger can be 

saved if two-phase mixture is used with hTp/hsp = 2.0. If the liquid 

phase is assumed flowing at turbulent flow (ReL = 10,000) with gas 

injected at Qg/QL = 10 then depending on the present results hTp/hSP 

will equal 3.2. Hence a reduction of about 70% of the heat exchanger 

area can be achieved at those conditions. At higher liquid rates 

(ReL = 15,000) with Qg/QL = 10 about half the area of the exchanger 

can be saved. 

At very high liquid rates the saving in the exchanger area will 

be small and not as economic as that at low liquid rates because the 

increase in the h. t. c. due to the presence of the gas phase will be 

small. 

It should be mentioned here that using smaller heat exchangers 

which gives the same heat load, as in the case of two-phase exchangers, 

is not only preferred for its saving in the cost but also in the case 

where the space is limited as in the case of digester or reactor vessels. 



CHAPTER SIX 

HYDRODYNAMIC RESULTS 
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6.1 Introduction 

Hydrodynamic results collected throughout the present study of 

heat transfer in two-phase mixture are discussed in this chapter. 

This includes the study of pressure drop, and void fraction both in 

an air-lift system and in pumped liquid-air mixture using either water 

or glycerol solutions as the liquid phase. The flow pattern was also 

studied in air-water mixture in a system identical to the heat exchanger. 

6.2 Pressure Drop in Two-Phase Gas-Liquid Mixture 

6.2.1 Introduction 

The measurement of the pressure drop is important in any study 

of two-phase mixture. It could be related to the heat transfer in'two-phase 

mixture (see the work of Vijay (1982) in Chp. 2). 

Some workers included the pressure of the system in their correlations 

of NuTP (see the work of Chue and Jones (1982) in Chp. 2). The pressure 

drop could also explain the flow pattern in the two-phase mixture, 

i. e. the inflexions are usually associated with the flow pattern 

transitions. 

In the present investigation the pressure drop has been measured 

using a pressure transducer, which was connected to the computer to 

give a continuous average reading. 

6.2.2 Pressure Drop in the Air-Lift System 

The pressure drop in the air-lift pump was measured at different 

air rates and different submergences (55,70,85 and 100 cm). As 

shown in Fig. 6.2.1 the pressure drop decreases with the increase 

in air rate at constant submergence. At high air rates the pressure 

drop, however, almost remains constant. The pressure drop is proportional 
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to the submergence; increasing with the increase in submergence. 

The effect of increasing air rate on the pressure drop is more 

pronounced at higher submergences. At Hs = 100 cm the decrease in 

the pressure drop is 20% when air rte is increased from 35 x 10-5 to 

80 x 10-5 m3/s, while the decrease is only 10% at Hs = 55 cm over 

the same range of air rate. The pressure drop is plotted against 

Qg/QL in Fig. 6.2.2. The graph shows that the pressure drop decreases 

with the increase in Qg/QL following a similar trend to that with 

Qg. The decrease in the pressure drop, however, is much more pronounced 

at low values of Qg/QL than at high values; the decrease is sharp 

at values of Qg/QL less than 4.0, while the decrease is gradual at 

higher values of Qg/QL. This is possibly due to the high liquid rate 

associated with the high submergences (85 and 100 cm), while at low 

submergence (55 cm) the liquid rate is less, resulting in a less pronounced 

effect of Qg/QL on the pressure drop. 

The present data for pressure drop can be represented by a single 

curve showing the effect of Qg/QL regardless of the submergence with 

maximum deviation of 5%. 

This suggests that over the present range of air rates and 

submergences the effect of submergence on the pressure drop at a constant 

value of Qg/QL is negligible. 

When the pressure drop is plotted against the submergence (Fig. 6.2.3) 

at various values of Qg, this shows a linear relationship, where a 

straight line can be plotted for each gas rate. 

6.2.3 Pressure Drop in Pumped Water/Air Mixtures 

The pressure drop was measured at different constant water rates 

(0.068,0.11,0.188 and 0.25 Kg/s) and varying air rate. The pressure 

drop decreases with the increase in air rate at constant water rate; 
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with the decrease being more pronounced at low air rates than at high 

air rates (Fig. 6.2.4). The pressure drop values at high air rates, 

especially at low water rates, show an inflection, which could be 

attributed to the transition from slug to churn flow pattern, resulting 

in the change of the slope of the heat transfer coefficient (see Chp. 

5). The pressure drop increases with the increase in water rate at 

any given air rate. This could be attributed mainly to the increase 

in the gravitational pressure drop component as a result of the decrease 

in void fraction. 

The results of pressure drop in the pumped system follow in general 

a similar trend to those of air-lift system bearing in mind that the 

increase in submergence reflects the increase in water rate. Hence, 

when the pressure drop results at different water rates are plotted 

against Qg/QL (Fig. 6.2.5) a single curve can represent all the results 

regardless of water rate. 

The trend of different pressure drop components is mportant in 

the understanding of the two-phase mixture flow as will be explained 

below. 

The frictional pressure drop, being calculated from the total 

pressure drop and from the gravitational component, is plotted against 

the air rate in Fig. 6.2.6 in addition to the total and gravitational 

pressure drops. 

The gravitational pressure drop, following a similar trend to 

that of the total pressure drop, decreases with the increase in air 

rate. The frictional pressure drop, however, increases with the increase 

in air rate. Negative values of the frictional pressure component 

have been detected at air rates less than 60 x 10-5 m3/s. This is 

in agreement with the results of Oshinowo (1974). The negative values 

of the frictional component, which are proportional to the wall shear 

stress, imply that during two-phase flow the liquid phase at the wall 
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was flowing downwards even though the net flow was upwards. This 

was consistent with the visual observation made during the experiments. 

As the air rate increased the reversed frictional effect vanished, 

which is associated with the inflexion in the total pressure drop. 

The behaviour of the frictional pressure drop component could again 

explain the behaviour of the heat transfer in the mixture, resulting 

in the change in the slope of the heat transfer coefficient (see Chp. 

5). 

6.2.4 Pressure Drop in Air-Glycerol Solutions 

Pressure drop was measured in two-phase mixtures using liquids 

other than water with higher viscosities. Those were glycerol solutions 

of 25% and 50% concentration. The results are plotted in Fig. 6.2.7 

and 6.2.8. the observations detected from these graphs can be summarised 

as follows: 

1. For given liquid and gas rates, the higher the viscosity the 

higher the pressure drop. 

2. For any given value of Qg/QL, the higher the viscosity the 

higher the pressure drop. 

3. For a given air rate, the higher the liquid rate the higher 

the pressure drop; and for a given liquid rate the higher the 

gas rate the lower the pressure drop (similar to air/water 

mixture) and the effect is more pronounced at low air rates. 

4. The effect of liquid rate and viscosity is not great on pressure 

drop for any given value of Qg QL, hence, a single curve can 

be plotted which could describe the relation between OP and 

Q /QL for the present range of data with a reasonable deviation 
g 

(max. 10%). 
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6.3 Void Fraction in Two-Phase Mixtures. 

6.3.1 Introduction 

The void fraction represents the ratio of the gas flow cross-section 

to the total cross-section in the tube. 

It has a special importance in two-phase heat transfer studies. 

Many researchers included the void fraction term in their correlations 

for the two-phase h. t. c. The actual velocity of the gas and liquid 

cannot be calculated unless knowledge of the void fraction is available 

(see Chp. 5). Many correlations are available in the literature for 

the calculation of the void fraction (see Chp. 2), but they are based 

on isothermal conditions; therefore, they cannot describe successfully 

the actual void fraction. When heat is added to the two-phase mixture 

an expansion in air is expected. Some workers, however, used those 

correlations to calculate the void fraction which in turn was used 

to predict hTp (e. g. Vijay (1978)). In the present investigation the 

measured values of the void fraction (using the quick closing valve 

as was described in Chp. 3) are used throughout the heat transfer 

study of the two-phase mixtures. 

6.3.2 Void Fraction in Air-Lift System 

for an existing two-phase system the void fraction is mainly 

dependent on both gas and liquid rates. In the air-lift system the 

void fraction increases with the increase in air rate at constant 

submergence (Fig. 6.3.1). T he void fraction also increases with the 

decrease in submergence at constant air rate and the relation is almost 

linear (Fig. 6.3.3). This is clearly due to the decrease in water 

rate resulting from the decrease in submergence (see Chp. 4). 
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At constant submergence as the ratio Qg/QL is increased the void 

fraction increases as a result (Fig. 6.3.2). The trend of the increase 

in void fraction, however, varies from one submergence to another; 

i. e. the increase in void fraction is sharp at high submergence (100 cm) 

while it is gradual at low submergence (55 cm) showing strong 

dependence on submergence. 

6.3.3 Void Fraction in Pumped Water-Air Mixtures 

The void fraction in air/water mixture, with water rate kept 

constant using a pump, follows a similar trend to that in air-lift 

system. The void fraction increases with a combination of increase 

in air rate at constant water rate, and decreases in water rate at 

constant air rate (Fig. 6.3.4). 

At a given value of the ratio Qg/QL the void fraction increases 

with the increase in water rate (Fig. 6.3.5). It also increases with 

the increase in Qg/QL at constant liquid rate owing to the increase 

in air rate. 

6.3.4 Void Fraction in Air-Glycerol Solutions 

The void fraction in an air-glycerol mixture at 25% and 50% concen- 

trations of the solution decreases with the increase in liquid viscosity 

at given air and liquid rates (Fig. 6.3.6). The effect, however, 

is not great where a single curve can be plotted for both solutions 

at 4.0 x 10-5 m3/s air rate with an acceptable deviation. 

The effect of liquid and air rates on the void fraction is similar 

to that in an air/water mixture; i. e. the higher the liquid rate is, 

the higher the void fraction ata given value of Qg/QL (Fig. 6.3.7). 

At very low values of Qg/QL (< 3.0), however, the reverse effect of 

liquid rate upon void fraction occurs. The reason for this is not 

clear and it is not possible to give an explanation with so few points 

on the graph. 
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6.4 Flow Patterns in Two-Phase Gas-Liquid Mixture 

6.4.1 Introduction 

A two-phase mixture flowing in a pipe can exhibit several interfacial 

geometries (bubbles, slugs, film, ... 
). but this geometry is not 

always clearly defined, which prevents the flow patterns from being 

precisely and objectively described. In two-phase flows the flow 

patterns must be known in order to model the-physical phenomenon as 

closely as possible. It is far better to adopt different models for 

each flow pattern, but this approach is still difficult because of 

the transition zone between two flow patterns and the lack of physical 

knowledge to describe these buffer zones. The factors that govern 

a flow pattern are numerous and were described in Chp. 2. 

In the present study of flow patterns, a perspex tube with the 

same dimensions of the test heat exchanger was used. The flexible 

design of the apparatus made it possible to use the same air injection 

arrangement connected to the heat exchanger with the perspex tube. 

Using similar air and water rates to those in heat transfer experiments 

a number of photographs were taken at different rates of air and water 

using fast films. 

The importance of the photographs of flow patterns can be summarised 

as follows: 

1. The photographs reveal the very interesting and intricate 

structure of the flow. 

2. They show how difficult it is to recognise and identify the 

patterns under certain flow conditions. 

3. They could help to understand the behaviour of heat transfer 

results. 
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6.4.2 Flow Patterns in Air-Water Mixture 

Photographs taken of air-water mixture flowing upward at different 

air and water rates revealed the following flow patterns: 

1. Bubble Flow This was recognised at very low air rates and at 

different water rates (see Figs. 6.4.1 up to 6.4.4). 

However, no purely bubble flow existed; the small bubbles were 

always followed by a few larger bubbles of no specific shape 

at air velocities less than 0.1 m/s. 

2. Slug Flow Some flow patterns which have been classified as 

bubble flow can also be classified as at the transition zone 

between bubble and slug regime (those of large bubbles followed 

by fine bubbles). The first time slug flow was observed was 

in the form of very short bullet-shaped slugs followed by bubbles 

of air at air velocities of about 0.1 m/s and at water velocities 

of about 0.05 m/s (see Fig. 6.4.5). 

Long slugs have been observed at higher air velocities 

(Fig. 6.4.6 and 6.4.7). Very long slugs were observed at 

relatively low water velocities and moderate to high air 

velocities (Fig. 6.4.8). Slug flow was accompanied by down 

flow of liquid at the wall which was clear especially at the 

end of the tube. 

3. Churn Flow When the air velocity is increased over that 

in the slug flow, churn flow was observed. It possesses some 

of the characteristics of slug flow with some differences 

being as follows: 

a) The gas slugs become narrower and more irregular 

b) The continuity of the liquid in the slug is repeatedly 

destroyed by regions of high gas concentration 

c) The thin falling film of liquid surrounding the gas slugs 

can no longer be observed. 
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Churn flow is not easy to identify (see Fig. 6.4.9 and 

6.4.10). At higher air velocities (1.5 m/s) a completely 

churn flow pattern which tends to undergo a transition to 

the annular regime was observed (see Fig. 6.4.11 and 

6.4.12). 

Major observations drawn from the study of flow patterns in air-water 

mixtures can be summarised as follows: 

1. One difficulty in classifying flow patterns is the presence of 

transition flow zones. In churn flow, for instance, air and 

water rate are both in a dispersed form, but a water shear 

layer usually exists on the wall with small air bubbles entrained 

in it. It is easily mistaken as bubbly flow by visual observation. 

The same difficulty was also experienced in the initial stage 

of slug flow when air slugs are relatively short and this was 

often misinterpreted visually as bubbly flow in a fast-flowing 

two-phase mixture. 

No attempt was made to identify the transition flow regime in the 

present investigation since the main purpose of this study was to 

examine the heat transfer behaviour in two-phase flow. 

2. In the present tests a short calming section of 30 cm 

was present. When air/water mixture entered the perspex tube 

(or the heat exchanger), a high turbulence of the mixture was 

observed at the inlet of the tube and it was developing until it 

reached the middle of the tube where an almost completely 

developed flow was formed. 

At the outlet of the tube another turbulence, but with less 

intensity, was observed owing to the discharge tube bend. 

This result is in complete accordance with the findings of Serisawa 

(1975) that the air/water mixture becomes fully developed within 

30d from the gas/liquid initial mixing region. 
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3. The air slugs show a strong tendency towards coalescence 

and expand from the inlet to the exit of the heated tube because 

they have a lower velocity than the adjacent water. 

4. The liquid film between the long slugs and the tube wall was 

perturbed by the large number of entrained bubbles. 

5. In the range of the present experiments, the patterns noticed 

are mainly slug flow and sometimes churn flow at relatively high 

air rates and very few tests showed bubble flow. In slug 

flow different lengths of air slugs were observed ranging from 

2 cm up to 20 cm long depending on air rate. 

6. Observations that were recorded for air-lift pump are similar 

to those of constant water rate using a pump. 

7. The transition from slug to churn flow, which occurs at an air 

rate of around 60 x 10-5 m3/s, coincides with the change in the slope 

of the heat transfer coefficient curve (see section 5.2). 

6.4.3 Flow Reime Ma 

The flow patterns in air/water mixtures have been extensively 

studied in the literature. No single satisfactory flow pattern map, 

however, has been found. This could be mainly due to: (a) the tube 

dimensions; (b) the pressure in the tube, and (c) the air injection 

arrangement. In the present study of flow patterns in air/water mixture, 

the main aim was to identify different flow patterns which occur 

under the present apparatus design and operating conditions, which 

will explain the mechanisms of heat transfer in two-phase mixture. 

However, an attempt was made to compare the present flow patterns 

observed with one of the recent flow-regimes maps, that is of Mishima 

and Ishi (1984). The map which identifies the transition between 

different flow regimes is plotted in Fig. 6.4.13. The flow patterns 
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recognised at different air and water rates are plotted on the same 

graph showing good agreement with this map. 



CHAPTER SEVEN 

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK 
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7.1 Conclusions 

the main conclusions derived from the present work are given 

below. These conclusions are divided into two aspects, heat transfer 

and hydrodynamics. 

Heat transfer aspects 

1. Heat transfer in single-phase flow 

The single-phase heat transfer results are considered satisfactory 

because they agree well with theory. 

2. Heat transfer in the air-lift pump 

The heat transfer coefficient in air-lift pump was found to be 

a function of both air rate and submergence. It increases with the 

increase in air rate (or Qg/QL) and submergence. 

The ratio hTýhsp decreases with the increase in the ratio Qg/QL, at 

constant submergence, and with the increase in the submergence, at 

a given air rate (or Qg/QL). 

The h. t. c. 's measured by Foumeny (1985) are much higher than 

the preset reported values. Possible reasons for this discrepancy 

were given showing the advantage of the present facility and operating 

conditions over that of Foumeny. 

A new basis of comparison, showed that the results of Foumeny 

are also much higher than most of the available investigators' 

results. 

The present heat transfer results agree well with those of 

Foumeny in her first exchanger. A reasonable agreement is found between 

the present results and most of the other investigators' results. 

The present experimental h. t. c; in air-lift pump were 
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predicted successfully using the following correlations: 

H hTP = 7737 Q9 0.11 
S 

0.197 

QH 
h= 3570 + 476 In () + 1415 In (Hs) 

Tp 
QL 

hQ -0.15 H -1.318 
hT = 1.346 (Q ) (Hs) 

SP L 

3. Heat transfer in pumped water/air mixture 

The introduction of gas into a flowing liquid enhanced the heat 

transfer process and resulted in a higher coefficient of heat transfer 

than that for the single phase at the same liquid rate; this effect 

was found to be more pronounced at low liquid rates. 

The h. t. c. is proportional to both gas and liquid rates; it increases 

with the increase in gas and liquid rates. 

The ratio of two-phase to single-phase h. t. c. (hTp/hsp) increases 

with the increase in gas rate (or Qg/QL) and the decrease in liquid 

rate. 

The enhancement of heat transfer when gas is introduced into 

a liquid-phase is found to be possibly due to the following mechanisms. 

1. Liquid and mixture velocity increase caused by addition of the 

gas phase. 

2. Increased turbulence and mixing action in the main stream due 

to the continuous interaction of the two phases. 

3. Increased turbulence near the heated wall caused by gas bubbles 

and the decrease in the effective thickness of the laminar 

boundary sub-layer. 
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The present h. t. c. results are generally in good agreement with 

other workers' results. 

The technique used of lifting liquid has no effect on the measured 

h. t. c. provided that both liqud and gas rates are the same. 

None of the available dimensionless correlations for the calculation 

of the h. t. c. was successful in the prediction of the present experimental 

data. 

The two-phase gas-liquid mixture is a complex process. Therefore, 

no single satisfactory equation is available for the calculation of 

the two-phase h. t. c. Most of the correlations available are dimensionless 

and based on the single-phase equations with account being taken for 

the presence of the gas phase. The definition of the mixture Reynolds 

number, which seems to be the most important factor in determining 

hTP, has not yet been solved. 

The present experimental data of air/water mixture have been 

successfully predicted using the following correlations: 

0.175 0.33 ý 0.2 ub 0.14 QQ 0.065 

NuTP = 31.8 ReL Pr (uL) (uW) (- ) 

0.74 0.33 ub 0.14 -0.475 
Nu p=6.08 ReTP Pr (c ) ReL 

w 

0.134 Pr 0.33 (L)o. 14 Pa 0.17 NurP = 21.04 Re0.134 
uw 

(P ) 

These correlations are originally suggested by previous investigators 

and are modified to predict the present results. 

A few correlations have been found to predict succcessfully the 

present data of heat transfer in the form of hTpIhSp which illustrates 
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the effect of introducing gas upon liquid-phase h. t. c. 

hpQ0.1 -3944 
=1+7.414 (-&) 10 QL 

hSP QL 

hT 

h=7.774 
(11«)0.2 e -6800 QL 

SP 

hTP 

- X-0.095 (-26.573 - 3.467 In QL) 
SP 

These correlations could predict the h. t. c. at various water 

rates other than those covered in the tests. The above correlations 

have also been tested against some other workers' results showing 

good agreement over the range of air and water rates covered in the 

present investigation. 

Heat transfer coefficient in the jacket is higher than that in 

the tube only at the first part of the exchanger. 

The developing region of the flow is found to be about 30d. 

4. Factors affecting two-phase h. t. c. 

The h. t. c. in two-phase gas-liquid mixture is affected by numerous 

factors such as: the heat exchanger geometry and dimensions, method 

of gas injection and the design of the air injector, direction of 

the flow, presence of the calming section and its length, gas separation 

procedure and the conditions of the gas phase and finally gas and 

liquid flow rates and physical properties. 
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5. Heat transfer in air/glycerol solutions mixture 

The h. t. c. in two-phase mixture decreases with the increase in 

liquid viscosity (similar to that in single-phase). 

The two phase h. t. c. increases generally with the increase in 

gas and liquid rates and the effect of increasing gas rate has its 

most pronounced effect at the lowest liquid viscosity and at the highest 

liquid rate. The addition of air into viscous liquid has a large effect 

on the observed h. t. c., this is best shown in the form of the ratio 

hTp/hsp. This effect is most pronounced at the lowest liquid rate and the 

highest viscosity. 

The present results show good agreement with some workers' results 

and they generally follow similar trends to others' results. 

6. Heat transfer in liquid-solid mixture 

No effect of solid particles on the measured h. t. c. of flowing 

liquid at volumetric concentrations of 5% or less, even though, the 

presence-of-solid particles was expected to enhance the heat transfer. 

7. Economic considerations of two-phase heat exchangers 

For an existing heat exchanger, an improvement in the performance 

of the exchanger is possible by injection of gas. The heat transfer 

rate in two-phase heat exchangers increases with the increase in 

gas rate and with the decrease in liquid rate. 

Reduction of equipment cost may be possible if advantage is taken 

of the significant increase in the h. t. c. that occur when gas is introduced 

into liquid flow. The reduction in the exchanger area, for a given 

heat duty, increases with the decrease in liquid rate and with the 

increase in gas rate. 
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Hydrodynamic Aspects 

1. Capacity of the Air-Lift Pump 

The lifted liquid rate increases with the increase in the gas 

rate and submergence and the relationship for the heat exchanger during 

heat exchange is given in the form of, 

H 
QL = 64.98 x 10-5 + 4.5 x 10-5 In Qg + 24.0 x 10-5 In (H s) 

The capacity of an air-lift pump under isothermal conditions follows 

a similar trend to that of non-isothermal. 

2. Pressure Drop 

The pressure drop in air/water mixtures decreases with the increase 

in air rate (or Qg/QL) at a specific liquid rate (or Hs in the case 

of air-lift pump) with the effect being more pronounced at low Qg; 

and it increases with the increase in liquid rate (or Hs) at constant 

gas rate. 

The pressure drop can be related to Qg/QL' regardless of the 

liquid rate (or Hs ). 

The transition region between slug and churn flow can be determined 

from the inflexion in the pressure drop curve, which is associated 

with the change in the frictional pressure drop from negative to 

positive values. 

The pressure drop is proportional to the viscosity of the liquid; 

it increases with the increase in liquid viscosity at given gas and 

liquid rates, however, the effect is not great. 
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3. Void fraction 

The void fraction increases with the increase in gas rate (or 

Qg/QL) at a given liquid rate (or Hs for air-lift pump), and decreases 

with the increase in liquid rate (or Hs), at a given gas rate. 

The void fraction is proportional to the liquid rate (or Hs) 

at a given Qg/QL' It is strongly dependent on Qg/QL at high sub- 

mergencies; while the effect of Qg/QL on the void fraction could be 

negligible at very low submergences. 

The void fraction decreases with the increase in the liquid viscosity, 

however, the effect is not great. 

4. Flow pattern 

Bubble, slug and churn flow regimes have been observed in the 

present investigation. The slug flow, being the main flow regime detected, 

consisted of slugs of air with different lengths depending on the 

gas and liquid rates. 

It is not always easy to identify and classify a flow pattern. 

No particular metod or correlation is satisfactory to predict flow 

regime boundaries for any fluid and any tube geometry and dimensions. 

The map of Mishima & Ishi is, however, satisfactory in predicting 

present flow patterns. 

The flow pattern becomes fully developed at 30d from initial 

mixing of the two phases. 

The shadow cast by the mixture in the tube observed in the 

photographs can roughly give an estimate of the void fraction in the 

tube, especially in the slug flow regime. 

Downflow of liquid observed near the wall in the slug regime 

results in negative values of the frictional pressure drop. 
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7.2 Recommendation for Future work 

The suggestions given below are based on (i) the experience 

gained while running the experiments to collect the required data, 

(ii) the material presented in the previous chapters. 

1. Study the heat transfer in air/water mixture at a wider range 

of gas and liquid rates; i. e. make necessary modifications for the 

present apparatus such as the use of even larger reservoir and separation 

tanks to meet these requirements. 

2. Study the effect of gas density on the two-phase h. t. c. 

3. Study the effect of different liquid physical properties such 

as surface tension upon the h. t. c. 

4. Investigate the effect of different exchanger dimensions and geometry 

upon the h. t. c. 

5. Extend the range of submergences by modifying the position of 

the reservoir, and the discharge from the separation tank should be 

connected to one side of the reservoir. 

6. Using solid particles at different concentrations with different 

materials and diameters, study their effect on the h. t. c. of single-phase 

liquid (this would necessitate a different pumping system). 

7. Much more work should be carried out in air-lift pump with heat 

transfer to examine the present predicted correlations for hTp. 

8. The effect of flow pattern on heat transfer in gas-liquid mixture 

should be carefully examined. 

9. Another quick shutting valve is preferred for more accurate measure- 

ments of the void fraction because some amount of liquid has been 

observed flowing down from the discharge pipe bend above the heat 

exchanger. 

10. Direct measurement of void fraction, using suitable probes located 

at different positions along the heat exchanger and connected to the 

computer, is recommended. 
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11. Make necessary changing of the pipe configuration to allow for a 

small reservoir to be installed which would produce large amounts 

of dissolved air bubbles in order to investigate whether this leads 

to high h. t. c. similar to those measured by Foumeny. 



Appendix A. 1 

Calibration curve of the thermocouples used in the present study 

The thermocouples were inserted in a constant temperature water 

bath. The voltage reading for all the thermocouples were then recorded 

against the temperature measured by previously calibrated certified 

mercury thermometers. The average voltage readings for all the thermo- 

couples, which are within + 0.2%, were then analysed using a polynomial 

fitting program leading to the following equation: 

T=0.9238 + 24.707 Vt - 0.14294 V2 

where T is in degrees centrigrade and Vt in millivolts. 

Appendix A. 2 

Calibration of the pressure transducer 

The pressure transducer has been calibrated originally by the 

manufacturer (Microswitch) and was given as, 

AP=2Vt -1 

where Vt is in volts and AP in psi. 

The transducer was, however, recalibrated against a water 

manometer leading to the following correlation: 

AP = 1.9845 Vt - 0.9843 



Appendix A. 3 

Calibration details for all flow meters used during the present work. 

Magnetic flow meter 

The velocity of liquid flowing through the magnetic flow meter 

was shown on an ammeter based on the range of scale required. Full 

or half the range of the scale can be chosen for different ranges 

of liquid velocity. For example, if half the range of the ammeter 

scale is required (1 - 10 mA) andthe switches were adjusted to the 

liquid velocity from 0 up to 1 ft/s then 1 mA will equal 0.1 ft/s 

or equal 0.2 ft/s if full scale is used (0 - 20 mA). 

the magnetic flow meter was calibrated against a precalibrated 

rotameter. The mass of liquid (water) was also measured at a specific 

time for a double check. This showed that the scale readings of the 

magnetic flow meter were reliable. 

Hot water rotameter 

This rotameter was calibrated by measuring the amount of water 

collected in a specific time leading to the following equation, 

M=Rx7.463 x 10-3 Kg/s 

where R is the percentage of flow from the total. 

Gas rotameters 

The air rotameters have been calibrated using the following 

equations*: 

I= log k1 vuQ 
P) x 104 

W(Q- ) Ft = K2 
Q. p 

*Method recommended by manufacturer of rotameters 



where w= weight of the float, gm 

a= density of the float, gm/cc 

p= density of the fluid, gm/cc 

v= kinematic viscosity of fluid, Stokes 

Ft = theoretical capacity, 1/min. 

F= actual flow, 1/min. 

f= F 
Ft 

K1 and K2 are constants which vary with tube size. I values are 

plotted against scale reading for different values of f for each tube. 

the actual flow can then be calculated against each scale reading. 

The calibration curves for rotameters 1 and 2 are given in Fig. A. 1 

and Fig. A. 2. The flowrates are then adjusted for the pressure inside the 

tube. The actual pressure depends on the flowrate setting. 



2 atm 

in the 

scal, 
read in 

(cm 

Qg, 1/m 

Fig. A. 1 Calibration curve of rotameter 1 
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Fig. A. 2 Calibration curve for rotameter 2 



Appendix B 

Calculation of the heat transfer coefficient in two-phase mixture 

The temperature of the gas and the liquid have been assumed the 

same with the gas being saturated at inlet and outlet of the heat 

exchanger. 

The heat gained by the two-phase mixture is, therefore, given 

by the following equation: 

qTP = ML CPL (T2 - T1) +M9 (i2 - il) 

Cp gT + 0.622 
PS 

i' 
P- Ps 

where i: enthalpy of saturated air 

i': enthalpy of saturated steam 

Pi, PS : total and saturation pressure respectively 

T2, T1 : outlet and inlet temperature 

This equation takes into account the heat gained by air by means 

of sensible heat and latent heat of evaporation. The maximum amount 

of heat gained by air as calculated from the second term of the equation, 

was only 1.5% of the total heat gained and this was at the highest 

air rate and at the lowest water rate. Hence the second term of the 

equation can be neglected without noticeable error in the calculated 

heat gained. The h. t. c. can be then calculated using the common equation: 

QTP 
hTP AATlm 

where ATlm is the logarithmic average temperature difference between 

the wall and the bulk of the mixture. 



09 x 105 0L x 105 QHW Hs AP a Tb T,, THW Heat Heat z º-rp 

lost gained diff. 
m /s 3 

m /s Kg/s u psi Inlet Outlet Inlet Outlet Inlet Outlet w W KN/m2 °c 

22.5 16.6 6.3 100 0.73 0.30 28.15 34.62 48.01 51.36 57.21 53.63 4490 4500 0.2 3.08 

35.0 18.2 0.28 100 0.68 0.35 27.50 33.44 46.39 49.97 57.31 53.46 4501 4529 0.6 3.20 

49.2 19.6 0.28 100 0.64 0.44 27.61 33.19 46.30 48.95 57.92 53.99 4593 4580 0.3 3.33 

59.3 20.5 0.28 100 0.61 0.465 27.30 32.64 46.21 47.63 58.10 54.17 4590 4591 0.0 3.40 

70.4 21.0 0.276 100 0.60 0.52 26.91 32.17 45.90 45.63 57.92 53.85 4690 4630 1.3 3.47 

78.7 21.4 0.276 100 0.57 0.60 26.37 31.52 45.00 45.70 58.07 54.03 4661 4619 0.9 3.54 

22.5 11.8 0.30 85 0.64 0.32 26.50 35.24 46.10 51.83 58.35 54.84 4392 4320 1.6 2.99 

35.0 14.2 0.28 85 0.60 0.39 26.21 33.62 46.53 48.87 58.42 54.37 4500 4410 2.0 3.12 

49.2 15.6 0.28 85 0.58 0.49 26.07 32.84 46.95 46.73 58.10 54.31 4430 4422 0.2 3.22 

59.3 16.2 0.28 85 0.55 0.52 26.17 32.80 47.10 46.56 58.76 54.87 4551 4501 1.0 3.29 

70.4 17.0 0.276 85 0.54 0.57 25.81 32.14 46.70 45.38 57.92 53.92 4605 4510 2.1 3.36 

78.7 17.4 0.276 85 0.53 0.61 25.90 32.14 46.32 45.64 57.78 53.74 4660 4550 2.4 3.40 

22.5 7.3 0.3 70 0.54 0.39 24.37 36.79 47.40 47.93 59.53 56.40 3917 3800 3.0 2.90 

35.0 9.3 0.28 70 0.515 0.45 24.66 35.41 47.11 48.48 59.50 54.86 4255 4191 1.5 3.02 

49.2 11.2 0.28 70 0.505 0.53 24.51 33.69 47.00 46.70 58.81 55.07 4360 4310 1.4 3.11 

59.3 11.9 0.277 70 0.485 0.55 24.30 32.93 46.55 45.44 57.99 54.20 4378 4305 1.7 3.18 

70.4 12.5 0.276 70 0.48 0.59 25.03 33.30 46.90 45.80 58.50 54.68 4401 4331 1.6 3.23 

78.7 12.9 0.276 70 0.47 0.63 25.60 33.63 47.01 46.16 58.31 54.48 4410 4339 1.6 3.27 

70.4 7.1 0.28 55 0.42 0.625 26.19 39.70 47.60 51.34 59.77 56.18 4201 4010 4.5 3.12 

Appendix C. 1 Experimental Results of Air-Lift System 



Tb Ty TB. Heat Hsat 2 }TP 
S 08 : 10 S OL 1 10 Q BW AP a lost ealnod diff. 

i i I t l O tl t Inlet O tlet Inlet O tl t 
Y Y 3o k11/a c /a /s [8/s psta n e u e u u e 

0.0 6.80 0.272 - - 23.19 28.13 58.43 58.82 61.48 60.17 1487 1461 1.7 0.56 

5.0 6.80 0.276 - - 27.74 41.78 51.51 54.07 61.15 57.66 4025 4000 0.6 2.87 

16.7 6.80 0.276 0.7$ - 27.77 41.64 50.62 53.58 60.52 57.07 3972 3952 0.3" 2.94 

22.5 6.80 0.275 0.66 0.41 28.29 41.46 50.48 33.64 60.64 56.98 4199 3973 5.4 2.98 

33.0 6.80 0.273 0.54 0.51 27.51 41.53 49.40 53.20 60.1 56.52 4095 3991 2.5 3.45 

49.2 6.80 0.274 0.46 0.57 26.66 40.73 48.18 52.37 59.79 56.24 4063 '4009 1.4 3.12 

59.3 6.80 0.274 0.45 0.61 26.57 40.85 47.84 52.12 59.58 55.99 4110 4068 1.0 3.23 

70.4 6.80 0.274 0.42 0.65 26.2 41.01 48.13 51.98 60.32 56.64 4208 4215 -0.2 3.33 

78.7 6.80 0.285 0.37 0.69 25.7 40.49 48.2 51.0 59.83 56.12 4250 4209 1.0 3.35 

0.0 11.0 0.273 - - 23.5 37.13 53.63 54.03 57.30 35.80 1713 1672 2.4 0.73 

1.7 11.0 0.279 - - 28.03 37.32 51.28 52.43 60.07 56.34 4232 , 4279 -0.6 2.83 

5.0 11.0 0.276 - - 28.2 37.25 50.08 51.48 59.27 53.68 4144 4174 -0.7 2.93 

16.7 11.0 0.276 0.82 - 28.47 37.31 49.2 51.0 58.88 55.29 4127 4078 1.2 3.00 

22.5 11.0 0.276 0.73 0.39 28.15 37.24 48.95 51.2 59.07 55.41 4218 41U 0.7 3.05 

33.0 11.0 0.276 0.61 0.48 28.13 37.02 48.33 50.35 58.77 55.19 4130 4096 0.8 3.10 

49.2 11.0 0.273 0.55 0.543 2$. 14 37.39 48.55 50.97 59.0 53.31 4231 4263 -0.7 3.18 

39.3 11.0 0.28 0.33 0.59 27.48 36.78 47.28 50.01 57.77 54.15 4247 4287 -0.9 3.29 

70.4 11.0 0.271 0.485 0.63 27.16 36.59 46.81 49.39 57.75 54.02 4229 4348 -2.8 3.40 

78.7 11.0 0.274 0.465 0.67 26.74 36.23 46.35 48.9 57.29 33.53 4310 4380 -1.6 3.44 

0.0 18.8 0.272 - 27.19 31.4 58.61 38.03 64.88 61.86 3432 3318 3.3 1.43 

1.7 18.8 0.281 - - 29.35 34.49 48.31 49.91 58.9 55.42 4090 4051 1.0 2.95 

5.0 18.8 0.27 - 29.3 34.63 47.9 49.50 58.34 54.9 4119 4040 1.9 3.04 

16.7 18.8 0.273 0.965 - 29.1 34.32 47.5 48.85 58.1 54.47 4150 4101 1.2 3.15 

22.5 18.8 0.274 0.85 0.33 28.46 33.74 47.26 47.8 57.2 53.56 4163 4165 0.0 3.20 

33.0 18.8 0.273 0.72 0.42 29.02 34.65 48.15 49.66 57.5 53.71 4324 4438 -2.6 3.26 

49.2 18.8 0.273 0.65 0.48 29.03 34.5 47.18 48.36 57.53 53.80 4250 4306 -1.3 3.38 

59.3 18.8 0.274 0.64 0.52 28.85 34.29 46.15 47.78 56.74 53.11 4155 4283 -3.0 3.49 

70.4 18.8 0.274 0.62 0.565 28.79 34.18 46.0 46.75 56.73 53.03 4232 4240 -0.3 3.60 

78.7 18.8 0.273 0.585 0.588 28.33 33.74 44.96 46.22 56.43 52.65 4312 4258 1.3 3.66 

Appendix C. 2 Pumped water/air mixture results 



x 105 Q QL x 105 ReL Reg ReLa KL PrL . 
u(b 
ü)0 

14 

g w 
3/s 

m3/s w/m°C m 

1.7 6.8 4378 52.5 - 0.62 5.03 1.06 

5.0 6.8 4486 156.2 - 0.62 4.9 1.06 

8.3 6.8 4495 260 - 0.62 4.9 1.05 

22.5 6.8 4390 706 7440 0.62 5.1 1.045 

35.0 6.8 4306 1104 8796 0.62 5.0 1.044 

49.2 6.8 4396 1543 10233 0.62 5.0 1.045 

59.3 6.8 4396 1862 11272 0.62 5.0 1.044 

70.4 6.8 4396 2210 12669 0.62 5.0 1.046 

78.7 6.8 4366 2474 14065 0.62 5.05 1.046 

1.7 11.0 6908 53 - 0.62 5.17 1.049 

5.0 11.0 6923 58 - 0.62 5.16 1.049 

8.3 11.0 6966 263 - 0.619 5.12 1.046 

13.3 11.0 6995 420 - 0.618 5.10 1.046 

22.5 11.0 6980 709 11443 0.62 5.11 1.046 

35.0 11.0 6966 1104 13423 0.62 5.12 1.044 

49.2 11.0 6995 1549 15340 0.62 5.10 1.044 

59.3 11.0 6908 1875 16849 0.619 5.17 1.045 

70.4 11.0 6865 2229 18554 0.618 5.21 1.045 

78.7 11.0 6822 2494 20673 0.614 5.24 1.045 

1.7 18.8 11248 53.4 - 0.617 5.46 1.053 

5.0 18.8 11514 159 - 0.617 5.32 1.051 

8.3 18.8 11490 265 - 0.617 5.33 1.049 

13.3 18.8 11563 423 - 0.617 5.30 1.046 

22.5 18.8 11514 715 17187 0.617 5.32 1.046 

35.0 18.8 11758 1107 20272 0.618 5.20 1.045 

49.2 18.8 11685 1558 22471 0.618 5.23 1.043 

59.3 18.8 11611 1882 24190 0.618 5.27 1.043 

70.4 18.8 11611 2234 26692 0.618 5.27 1.042 

78.7 18.8 11490 2504 27888 0.617 5.33 1.042 

Appendix C. 3 Experimental results of pumped air/water mixtures 



Qg x 105 QL x 105 QHW AP a Tb Tw THW Heat Heat % hp 

m3/s m3/s Kg/s psia Inlet Outlet Inlet Outlet Inlet Outlet lost gained diff. KW/m3 °c 

w w 

1.7 4.06 0.272 - - 32.1 47.1 51.11 52.79 57.7 55.95 1990 1951 2.0 2.15 

5.0 4.06 0.27 - - 31.01 46.13 50.99 52.09 57.98 56.21 2001 1966 1.8 2.2 

10.0 4.06 0.27 - - 31.77 46.93 51.61 52.10 58.1 56.3 2031 1971 3.0 2.3 

17.0 4.06 0.271 0.58 0.41 31.61 46.57 51.5 53.01 57.75 55.9 2100 2010 4.3 2.25 

22.5 4.06 0.274 0.47 0.47 32.11 47.36 50.87 54.02 57.24 55.37 2146 2044 4.7 2.23 

35.0 4.06 0.274 0.43 0.50 32.25 47.99 51.44 54.86 58.25 56.23 2315 2155 6.9 2.25 

49.2 4.06 0.274 0.38 0.57 31.12 47.38 50.85 54.38 57.8 55.82 2275 2225 2.2 2.3 

78.7 4.06 0.274 0.29 0.68 28.65 45.74 49.5 52.93 56.27 54.24 2333 2340 -0.3 2.28 

5.0 8.03 0.278 - - 32.88 42.89 51.95 53.12 57.43 55.18 2613 2605 0.3 2.29 

10.0 8.03 0.277 - - 32.53 42.75 52.45 53.93 58.75 56.2 2947 2773 5.9 2.31 

17.0 8.03 0.276 0.68 0.325 30.65 42.57 52.35 54.26 59.92 57.06 3300 3113 5.7 2.4 

35.0 8.03 0.276 0.5 0.46 32.88 43.34 51.53 53.66 58.91 56.33 2972 2838 5.3 2.45 

49.2 8.03 0.276 0.46 0.545 31.95 43.24 52.4 54.78 60.35 57.62 3143 3062 2.6 2.46 

59.3 8.03 0.275 0.41 0.61 32.84 42.8 50.74 52.97 57.8 55.42 2735 2700 1.3 2.47 

70.4 8.03 0.275 - - 32.1 42.7 50.67 52.87 57.69 55.13 2936 2890 1.6 2.6 

2.0 11.81 0.279 - - 33.5 42.03 54.99 58.57 62.9 60.01 3361 3370 -1.2 2.23 

5.0 11.81 0.285 - - 34.03 42.53 55.11 58.27 62.31 59.45 3400 3380 0.6 2.31 

10.0 11.81 0.28 - - 34.01 42.56 55.0 57.86 61.99 59.00 2490 3399 2.6 2.36 

22.5 11.81 0.277 0.72 0.28 33.9 42.46 53.91 57.38 61.5 58.48 3497 3401 2.8 2.95 

35.0 11.81 0.281 0.61 0.38 33.71 42.29 53.03 57.24 60.95 57.92 3560 3410 4.2 2.5 

50.0 11.81 0.28 0.55 0.5 33.0 41.68 52.9 55.91 60.87 57.81 3582 3450 3.7 2.55 

Appendix C. 1 Experimental Results of Air/25% Glycerol solution Mixtures 
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QL x 105 
Re Pr Nu 

LL 3 SP 
m Is 

11.0 6441 5.6 45.3 

23.0 14355 5.2 83.9 

31.5 20487 5.0 110.0 

28.0 17476 5.2 98.2 

18.8 11031 5.6 69.6 

25.0 15279 5.3 88.9 

21.0 12834 5.3 77.3 

11.0 6609 5.4 45.8 

5.0 2947 5.56 24.2 

18.0 9705 6.15 64.8 

19.0 10363 6.07 68.0 

10.0 5416 6.11 40.1 

15.5 8588 5.96 58.2 

18.8 10396 6.07 68.2 

6.8 3708 6.07 29.9 

44.0 26777 5.4 139.8 

38.0 23717 5.2 125.3 

18.0 10769 5.5 67.9 

9.0 4931 5.5 37.4 

5.0 2950 6.0 24.2 

Appendix C. 6 Experimental results of single-phase liquid (water) 



Isothermal 

Q8 x 105 Hg QL x 105 

M3/3 cm m3/s 

66.5 48 5.0 

81.5 48 6.9 

49.2 58 5.7 

59.3 58 6.6 

66.5 58 8.0 

81.5 58 10.8 

33.0 68 8.2 

49.2 68 9.8 

59.3 68 11.0 

66.5 68 12.8 

81.5 68 13.6 

15.0 78 6.0 

33.0 78 10.7 

49.2 78 11.9 

59.3 78 14.5 

66.5 78 15.4 

81.5 78 16.2 

15.0 88 7.7 

33.0 88 14.0 

49.2 88 15.4 

59.3 88 16.6 

66.5 88 17.4 

81.5 88 18.2 

15.0 98 10.0 

33.0 98 17.1 

59.3 98 18.8 

66.5 98 19.4 

81.5 98 20.3 

15.0 108 14.3 

33.0 108 19.1 

49.2 108 21.1 

59.3 108 21.7 

Non-Isothermal 

Qg x 105 

m3/s 

70.4 

22.5 

35.0 

49.2 

59.3 

70.4 

78.7 

22.5 

35.0 

49.2 

59.3 

70.4 

78.7 

22.5 

35.0 

49.2 

59.3 

70.4 

78.7 

H 
s 

cm 

55 

70 

70 

70 

70 

70 

70 

85 

85 

85 

85 

85 

85 

100 

100 

100 

100 

100 

100 

QL x 105 

m3/s 

7.1 

7.3 

9.3 

11.2 

11.9 

12.5 

12.9 

11.8 

14.2 

15.6 

16.2 

17.0 

17.4 

16.6 

18.2 

19.6 

20.5 

21.0 

21.4 

Appendix C. Capacity of air-lift pump at isothemal and non-isothermal. 
conditions 



Appendix D Computer program to read the temperatures and to calculate 

the heat transfer coefficient 

10 REM THIS PRUC IS TO MEASURE THE TEMP. AND TO CAL. II. T. C. OF AVERAGE OF 10 
LOOPS READINGS AND REPEAT FOR 5 TIMES. THE TIME TO COMPETE THIS PROGRAM IS 5 MIN 

20 PRINT 
30 PRINT"WIIAT IS REF CELL VOLTAGE" 
40 INPUT VREF 
50 *SPUOI. "BALATO" 
60 1'R INI"'WIIAT IS C. W. RA'rF. (KG/M3)" 
70 INPUT RCW 
80 PRINT"WHAT IS HOT W. RATE(KG/M3)" 
90 INPUT QIIW 

100 DIII V1(23,20), V(23), SUM(23) 
110 FOR S-l TO 5 
120 JF-10 
130 KF-10 
140? 6Phfi2-255 
ISUFUR J-I To JF 
t60FOR 1-0 TU 23 
170 IF 1-16 OR 1-17 OR 1-18 OR 1-19 OR 1-20 OR 1-9 COTO 290 
I80? 3FE60-I 
190 T-TIME 
200 REPEAT 
210 UNTIL T-TIME-5 
220SUH-U 
230FOR K-l TO KF 
240V! (I, J)-ADVAL(l)*VREF/ADVAL(4) 
250 VI(t,., )-VI(I, J)*46.2677+. 9238-. 50126*Vi(I, J)"2 
260SUM-SUM+VI(I, J) 
27ONEXT K 
280V1(I, J)-SUM/KF 
290 NEXT I 
30UNEXT J 
3IOFOR 1-0 TO 23 
320 IF L-16 OR 1-17 OR L-18 OR 1-19 OR 1-20 OR 1-9 COTO 43U 
33UV(I)-0 
340FOR J-l TU JF 
350V(I)-V(I)+V1(I, J) 
360NEXT .1 
370V(I)-V(I)/JF 
380 SUM(l)-SUN(l)+V(1) 
390 @7-(0 
400 PRINT I; 
410 @%-&20207 
420 PRINT V(I) 
430N1"; XT I 
440 QUOST. t21IW*4175*(V(5)-V(4)) 
445 CP-"4190 
450 Q1-RI%4*CP*(V(3)-V(2)) 
461) 02-RCW*CI'*(V(3)-V(6)) 
470 Q3-RCN*CP*(V(7)-V(6)) 
4130 Q4i-RCW*CP*(V(7)-V(2)) 
490 Q5-RCW*CP*(V(7)-V(2)+V(3)-V(6))/2 
5UU TWI-(V(8)+V(t5))/2 
510 TW2-(V(14)+V(21))/2 
520 U(I, (TWI-V(2)-1'W2+V(3))/LN((TW1-V(2))/(TW2-V(3))) 
530 I)T2-(TWI-V(6)-TW2+V(3))/LN((TWI-V(6))/(TW2-V(3))) 
540 DT3-(TW1-V(6)-TW2+V(7))/LN((TWI-V(6))/(TW2-V(7))) 
550 DT4-(TWI-V(2)-TW2+V(7))/LN((TWI-V(2))/(TW2-V(7))) 
560 DT5-(TWI-(V(2)+V(6))/2-TW2+(V(7)+V(3))/2)/LN((TWl-(V(2)+V(6))/2)/(TW2-(V(7)+V(3))/2)) 
570 HTP1-Ql/(80*DTI) 
580 IITP2-Q2/(80*DT2) 
590 IITP3-Q3/(80*DT3) 
600 HTP4-Q4/(8U*UI4) 

cont/... 



610 IITPS-Q5/(8U*UT5) 
620 PRINT"Q LOST-", QLOST 
630 PRINT"Ql-", QI, " Q2-", Q2 
640 PRINT"Q3-", Q3, " Q4-", Q4 
650 PRINT"Q5-", Q5 
660 PUl-(QLOST-QI)*100/QLOST 
670 P112-(QLUST-Q2)*IUU/QLOST 
680 P03-(QLOST-Q3)*I00/QLOST 
690 PU4-(QLOST-Q4)*100/QLOST 
700 PD5-(QLUST-Q5)*100/QLOST 
710 PRINT"DIFI -", P01, " Z", "DIF2 -", PD2, " X" 
720 PRLNT"UIF3 -", PUJ, " %", "DIF4 -", PD4, " X" 
730 PRINT"UIF5 -", PD5, " x" 
740 PRINT"TWIN-", TW1, " TWOUT-", TW2 
750 PRINT"DTI-", DTI, " DT2-", DT2 
760 PRINT"UT3-", DT3, " DT4-", DT4 
77U PRINT"UT5-", UT5 
780 PRINT"IITPI-", IITPI, " 11TP2-", I1TP2 
790 PRINT"IITP3-", IITP3, " HTP4-", HTP4 
800 PRINT"11TP5-", IITP5 
810 NEXT S 
820FOR 1-0 TO 23 
830 IF l-I6 OR 1-17 OR I-18 OR 1-19 OR 1-20 OR 1-9 COT0 430 
840 V(I)-SUM(I)/5 
850 @T-! 0 
860 PRINT l; 
870 0? -F2D207 
14I1I1 I'M NT V( 1) 
89U MIXT I 

90U QL0SINQIIW*4175*(V(5)-V(4)) 
910 Q1-RGW*CP*(V(3)-V(2)) 
921) (j2-RCW*CP*(V(3)-V(6)) 
930 Q3-RCW*CP*(V(7)-V(6)) 
940 Q4-RCW*CP*(V(7)-V(2)) 
950 Q5-RCW*CI'*(V(7)-V(2)+V(3)-V(6))/2 
96U TWI-(V(8)+V(15))/2 
97r) TW2-(V(14)+V(21))/2 
980 DTl-(TWI-V(2)-TW2+V(3))/LN((TWI-V(2))/(TW2-V(3))) 
990 DT2-(TWI-V(6)-TW2+V(3))/LN((TWI-V(6))/(TW2-V(3))) 

IUUU 0r3-(TWI-V(6)-TW2+V(7))/LN((TWI-V(6))/(TW2-V(7))) 
11)10 UT4-(TWI-V(2)-TW2+V(7))/LN((TWI-V(2))/(TW2-V(7))) 
1020 DT5-(TWI-(V(2)+V(6))/2-TW2+(V(7)+V(3))/2)/LN((TWI-(V(2)+V(6))/2)/(TW2-(V(7)+V(3))/2)) 
1030 IITPI-Ql/(80*DT1) 
1040 IITP2-Q2/(80*DT2) 
1050 IITP3-Q3/(80*DT3) 
1060 IITP4-Q4/(80*DT4) 
1070 IITPS-Q5/(80*DT5) 
1080 PRINT 
1090 PRINT" AVERAGE VALUES OF 500 READINGS WITHIN 6 MINUTES" 
1100 PRINT 
1110 PRINT"QLOSr-", QLOST 
1120 PRINT"Ql-", Ql, " Q2-", Q2 
1130 PRINT"Q3-", Q3, " Q4-", Q4 
1140 PRINT"Q5-", Q5 
1150 PDl-(QLOST-Ql)*I00/QLOST 
1160 PD2-(QLUST-Q2)*IO0/QLOST 
1170 PU3-(QLOST-Q3)*I00/QLOST 
1180 PD4-(QLOST-Q4)*IOO/QLUST 
1190 PD5-(QLOST-Q5)*100/QLOST 
1200 PRINT"UIFI -", PDI, " %", "DIF2 -", PD2, " X" 
1210 PRINT"UIF3 -", PD3, " %", "DIF4 -", PD4, " X" 
1220 PRINT"DIF5 -", PD5, " X" 
1230 PRINT"TWIN-", TWI, " TWOUT-", TWZ 
1240 PRINT"DTI-", DTI, " DT2-", 0T2 
1250 PRINT"DT3-", UT3, " DT4-", DT4 
1260 PRINT"DT5-", DTS 
1270 PRINT"IITPI-", IITI'l, " IITP2-", HTP2 
1280 PRINT"HTI'3-"JIM. " HTP4-", HTP4 
1290 PRINT"NTP5-", HTP5 
1300*SPOOL 

Cý 



NOTATION 

A area, m2 

Cp specific heat, J/Kg k 

d diameter, m 

Gr Grashof number 

gc acceleration due to gravity, m/s2 

H length of the lift tube above the air injector, m 

HL lift height 

Hs submergence, m 

h. t. c. heat transfer coefficient 

hSP single-phase heat transfer coefficient, W/m2 °C 

hTP two-phase heat transfer coefficient, W/m2 °C 

K thermal conductivity, W/m°C 

L distance, m 

M mass flow rate, Kg/m2s 

Nu Nusselt number 

P pressure, psi 

Pa atmospheric pressure 

AP pressure drop, psi 

Pr Prandtle number 

Q volumetric flow rate, m3/s 

q heat load, w 

Re Reynolds number 

Re 
La 

Reynolds number based on the actual liquid velocity 

T' temperature 

AT temperature difference 

V velocity, m/s 

x mass fraction of gas phase 

XTT Martenelli parameter 



Greek 

p density, Kg/m3 

u viscosity, poise 

a surface tension, N/m 

a void fraction 

Subscripts 

b bulk 

g gas 

HW hot water 

1 liquid 

f friction 

s solid 

SP single phase 

TP two phase 

lm logarithmic mean 

w wall 
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