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(ABSTRACT) 

The objective of this project was to develop a physically realistic method for predicting the 

flowrates in short tubes. A physically realistic model, though based on tests with one refrigerant, 

could be extrapolated to other refrigerants and to other refrigeration systems. Most of the existing 

methods of predicting flowrates are achieved by doing a lot of experimental work and developing 

empirical or semi-empirical relations; because of the high degree of empiricism they are only valid 

for the refrigerant used in the experiment. Eliminating material constraints and high degrees of 

empiricism from the prediction model was considered as a matter of utmost importance. 

A critical flow model was developed based on a vapor generation model. The model is built on the 

observation that choked short tube flow consist of a liquid core and a vapor annulus. Only three 

empirical factors were used, two to account for the assumptions made in the model development 

and the other to account for the area reduction due to vena contracta. 

The critical flow model predicted CFC and HCFC flow data with a maximum error of 13 %. It 

failed in predicting flow data on water.
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1.0 Introduction 

The motivation for this project was the need for a physically realistic method to predict the mass 

flowrate through short tube restrictors. With the development of the heat pump, the short tube 

restrictor has become a widely used throttling device in the refrigeration industry. The short tube 

possesses the ability to act as a trap, passing large mass flows of liquid but only small mass flows 

of vapor. Short tube performance has been studied experimentally only for water, refrigerant-12 

(R-12), and refrigerant-22 (R-22). Due to the renewed effort to develop environmentally friendly 

refrigerants and refrigeration systems, the ability to extrapolate this data to other refrigerants and 

to other refrigeration systems is important. 

The critical flow through short tubes is not in equilibrium. Typically there is a phase change, or 

flashing, in the flow. This phenomena cannot be accurately analyzed by single-phase flow theory. 

A two-phase flow theory, with thermal and mechanical nonequilibrium effects, has to be utilized 

for proper prediction of choked flow. The rapid expansion in short tubes results in an additional 

complicating factor, metastability, in the flow [1]. 

Choking in two-phase flow is somewhat similar to that for in single-phase flow. The choked flow 

is a function of the sonic velocity of the medium. Since the flow mechanics and the flow composi- 

tion is complex, obtaining the sonic velocity is a much more complex in two-phase flow than in 
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single-phase flow. Experimentally, in two-phase flow, a soft choking phenomena had been ob- 

served. This soft choke can be described as, after reaching a pseudo- critical pressure, a further re- 

duction in pressure will result only in a slight increase in the flowrate. A two-step choking had also 

been observed. The flow is choked when the downstream pressure is equal to saturation pressure 

or slightly less, but a further reduction in pressure will void this critical condition. The flow will 

be choked again at some lower critical downstream pressure. The hard choke can be described as, 

after reaching a critical pressure, a further reduction in pressure has no effect on the flowrate. This 

phenomenon is commonly observed in single-phase compressible flow. 

Besides its importance in refrigeration, short tube flow is important to the water cooled nuclear 

reactor industry. It is possible in many cases to idealize the flow configuration resulting from 

pressure vessel and piping wall ruptures as short tubes carrying a liquid into a region of low pres- 

sure. Prediction of short tube flows is therefore useful for analyzing loss-of coolant accident sce- 

narios. 

Although geometries are different, the short tube methodologies can be applied to two-phase ejector 

applications. Kornhauser [2] analyzed an ejector used as a refrigerant expander. The flow me- 

chanics are similar to that of a short tube with saturated or subcooled liquid at the inlet and flashing 

flow at the exit. 

I.I Mechanics of Flashing Flow 

Two-phase flow is defined as the interacting flow of two phases (i.e. gas-liquid, liquid-solid, or 

solid-gas) and its analysis has to consider the mechanics of both phases simultaneously. Flashing 

flow occurs when the upstream pressure is above, and the downstream pressure is below the up- 
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stream vapor pressure. In this process, part of the liquid changes to vapor, or flash, and remains a 

vapor. 

Many engineering problems deal with two phases of the same substance. Liquid - gas flow is a 

complex phenomenon since flow patterns and thermodynamic properties in a channel vary along 

its length, with time, and over its cross section. This presents an extremely intricate three dimen- 

sional unsteady problem involving two phases for which a closed form solution can be considered 

impossible. Over the years there have been many analytical models developed to analyze and 

compute two-phase flowrates. There are many equilibrium and nonequilibrium models but the 

following are the most widely used: 

¢ Homogenous Equilibrium Model (HEM) 

e §=6Slip Model 

e Separated Flow Model 

The HEM model treats the two-phase mixture as a pseudo-fluid that can be described as an 

equivalent single-phase flow. The two phases are in equilibrium with equal velocities and temper- 

atures; thermodynamic properties and quality can be obtained from property tables and the 

equation of state. According to Isbin [3], this method can predict mass flowrates within a factor of 

five for “short” tubes and two for “long” tubes. The method for calculating the critical flow is similar 

to that for critical single-phase flow. 

The slip flow model is simple, yet complex enough to model some nonequilibrium effects. This 

widely used model assumes the phases are in thermal equilibrium. The ratio between the two phase 

velocities are taken as an unknown to account for the mechanical nonequilibrium effect. To obtain 

the critical flow, the conservation equations are solved simultaneously to get the maximum 

flowrate. Two common ways of applying the slip model are: first, assume a velocity ratio (slip) and 
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vary the flow quality until a maximum flowrate is achieved and second, assume the flow quality 

and vary the the slip until a maximum flowrate is obtained. 

The separated flow model is in principle capable of modelling nonequilibrium phenomena. This 

is the only model that accounts for both mechanical and thermal nonequilibrium effects. Conser- 

vation equations are written for each phase and interaction terms are included to represent heat, 

mass, and momentum transfer. Simply applying the conservation equations to the two phases will 

result in more unknowns than the number of equations, therefore interphase correlations have to 

be incorporated to obtain a solution. 

The flow pattern in a short tube consists of a metastable liquid core surrounded with a vapor 

annulus. The vapor begins to form on the periphery of the vena contracta when the local static 

pressure falls below the vapor pressure corresponding to upstream temperature. Further reduction 

in pressure will result in a growing vapor annulus which, in turn, chokes the flow. If the vena 

contracta pressure drop is not significant enough to cause cavitation, the flow will remain as a 

compressed or as a metastable liquid. 

1.2 Applications of Short Tubes 

Short tubes are characterized as circular tubes with length to diameter ratio between one quarter 

and thirty six [4]. Applications of short tube modelling, with saturated or subcooled inlet conditions 

and two-phase exit conditions, range from loss of coolant accident analysis in nuclear reactors to 

expansion device analysis in the refrigeration industry. 

The objective of an expansion device in a refrigeration system is to reduce the pressure of the liquid 

refrigerant and to regulate the flow into the evaporator. Capillary tubes are the most widely used 

1.0 Introduction 4



expansion devices for small systems. With the development of the heat pump and its inroads into 

the heating-cooling market, short tubes are also widely used as expansion devices. In addition to 

low cost and high reliability, they offers ease of inspection and ease of replacement. Unlike capillary 

tubes, short tubes can be incorporated into a device where the fluid flow in one direction must pass 

through the tube, while the fluid in the other direction is allowed to bypass the tube. This device 

thus restricts flow in one direction while allowing full flow in the other. It eliminates the need for 

a capillary tube in parallel with a check valve [5]. 

When pipes and high pressure vessels rupture in water cooled nuclear reactors, they can often be 

modeled as short tubes. Due to the sudden pressure drop the flow is choked and is in a metastable 

state. The ability to predict the critical flow is of interest because: 

e The critical flow phenomenon affects the overall hydraulic characteristics of a reactor coolant 

system. Exact knowledge of the phenomenon is required to insure the adequate and efficient 

shutdown of the reactor. 

¢ The critical flow phenomenon affects the design of the reactor containment systems since it 

imposes a mechanism which effectively limits the discharge of coolant from pipe or a pressure 

vessel break into the reactor containment structure. 

For safe operation of the reactor it is imperative to be able to properly predict the critical flow. 

In the recent past, two-phase flow nozzles have been used in energy conversion machines. The flow 

mechanics are very similar to those for short tube flow. Menegay [6] used an ejector with a two- 

phase motive nozzle as a refrigerant expander in a vapor compression refrigeration system. The full 

potential of the ejector was not realized because of a lack of understanding of the nonequilibrium 

two-phase flow in the motive nozzle. 
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1.3 Project Objectives 

The main objective of this project was to develop a physically realistic method for predicting the 

flowrate in short tubes. A physically realistic model, though based on tests with one refrigerant, 

could be extrapolated to other refrigerants and to other refrigeration systems. Aaron and 

Domanski’s [5] R-22 experimental data (NIST data) provided part of the incentive to carry out this 

project. This data set contained extensive experimental information, but the authors developed 

only a semi-empirical model. The developed model will be compared, primarily, with the NIST 

data. 

Most of the existing methods of predicting flowrates are achieved by doing a lot of experimental 

work and developing empirical relations; these equations have a high degree of empiricism and thus 

are only valid for the refrigerant used in the experiment. Eliminating material constraints and high 

degrees of empiricism from the prediction model was considered as a matter of utmost importance. 

Some common refrigerants are responsible for the depletion of the ozone layer, so there is a major 

effort to develop environmentally friendly refrigerants and refrigeration systems. In accordance with 

federal regulations, all chlorofluorocarbons (CFC’s) must be eliminated from all new heating and 

cooling systems in the near future. The chemical industry is developing and manufacturing new 

non-CFC based refrigerants. At the present time these products are expensive and hard to obtain. 

This has been a handicap for the HVAC design engineers. With the use of the proposed model, 

these engineers can design new refrigeration systems without extensive test work on short tube flow. 
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2.0 Background 

Over the years there have been many investigations of flashing flows. From these investigations 

come two alternative concepts of the fluid stream passing through a short tube, nozzle or an orifice: 

¢ Vapor bubbles are formed throughout the stream cross section when the saturation pressure 

is reached. This means that for initially saturated water, bubbles begin to form at the nozzle 

entrance, and that if the water is initially subcooled few degrees below saturation temperature, 

vapor begins to form at some section within the nozzle. 

e -Vaporization occurs only when saturation pressure is reached at the channel walls. The rate 

of evaporation depends on the rate of the heat transfer from the surface layer of the liquid core 

to a vapor annulus. This phenomenon has been experimentally observed. 

For this project, the published literature pertaining to flashing flow in short tubes and nozzles was 

surveyed. A general background will be given here, describing the papers that were most relevant 

to this project. Additional work is described in Appendix A. 
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2.1 Bailey 

Bailey [4] presented a method of computing the mass flowrate through short tubes, orifices, and 

nozzles. It is based on the rate of evaporation of a metastable liquid core into a surrounding ring 

of vapor. Bailey also discussed the nature of the flow of saturated and near-saturated water into 

regions where the pressure is less than the saturation pressure. 

2.1.1 Experiment 

The experimental setup was designed to operate with atmospheric pressure upstream of the test 

section and the vacuum downstream. The upstream pressure was held constant, while downstream 

pressure was varied. The measured quantities were upstream pressure, downstream pressure, up- 

stream temperature, and mass flowrate. The upstream temperature ranged from near upstream 

saturation temperature to slightly below. The mass flow was obtained by using weigh tanks. 

Bailey defined the terms orifice, short tube, and nozzle as the following: 

e = Onifice - cylindrical hole with a length less than a quarter of the diameter. 

e Short tube - cylindrical tube having a length to diameter ratio between a quarter and thirty 

S1X. 

¢ Nozzle - convergent nozzle having a circular cross section with a well rounded entrance. 

The experimental work was carried out in three phases. 
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In the first phase, which was conducted primarily to study bubble or vapor formation, a transparent 

short tube was used. In addition to obtaining numerical data, the appearance of the stream was 

noted so that the nature of the flow could be correlated with the pressure and flowrate data. 

In the second phase, flow characteristics (flow rate versus pressure differential) were obtained for 

four short tubes. The L/D ratios ranged from 4.96 to 20.24. Another short tube with pressure taps 

was used to study the pressure profile inside the short tube. 

In the third phase, the flows through a nozzle and an orifice were investigated. 

2.1.2 Observation and Modelling 

The data obtained in the first phase of the experiment was essentially qualitative in nature. Pressure 

and mass flow data were also gathered. 

Figure 1 shows the flow rate versus pressure differential curve for a typical short tube. Figure 2 

shows flow patterns at points of interest of Figure 1. The following are some observations based 

on Figure 1. 

e The flow condition for that part of the curve from O to A is represented by Figure 2 (a); it 

is similar to single-phase liquid flow and the tube is flowing full. 

¢ At point D the pressure differential is equal to the initial pressure minus the saturation pres- 

sure. The flow pattern is shown in Figure 2 (b), and the stream has broken away from the 

tube wall. 

e The discontinuity in the flow curve at A occurs because the pressure at the vena contracta has 

reached saturation pressure. As the saturation pressure is reached, vapor begins to form, and 
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the tube ceases to flow full. The pressure at vena contracta now is equal to the discharge region 

pressure which is higher than the saturation pressure so evaporation ceases. this restores the 

full flow condition. 

e At point E the pressure is significantly below the saturation pressure. A ring of vapor is dis- 

charged out of the exit plane as shown in Figure 2 (c). 

The physical observations of phase two were similar to that of phase one. Flowrate data were 

gathered. 

In the third phase a nozzle and an orifice were used. In addition to obtaining numerical data, the 

appearance of the stream was noted. The numerical data was compared to existing flow data. 

The information from phase one and previous work by Danforth [7] and Dean [8] lead to the fol- 

lowing conclusion: in the reversible and adiabatic flow of saturated and nearly saturated water, if 

the liquid is uncontaminated it can be superheated to many degrees without a phase change. 

However, mechanical disturbances can revert the metastable state to a stable state. Nucleation sites 

provide the required disturbances. Since a reversible process must exclude disturbances which 

would destroy the metastable state, it may be expected that the reversible flow of saturated water, 

in a perfectly smooth tube or an orifice, will be completely metastable, and the flow characteristics 

will be identical with those of an incompressible fluid. The flowrate will be reduced when 

nucleation sites are present. 

The isentropic mass flowrate equation for a liquid was used to predict the flow. From the exper- 

imental observations it was noted that, as the pressure differential was increased, the liquid jet 

evaporated and resulted in a core-annular type flow pattern. It was realized that the actual flowrate 

will be less than what the isentropic equation would predict. Bailey used the experimental obser- 

vations and following assumptions to develop a flow model based on evaporation from the liquid 

jet to the vapor core. 
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Figure 2. 
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1. That vapor begins to form when the saturation pressure is reached. 

2. That the vapor forms at the interface between the fluid and the nozzle. 

3. That the flowing fluid consists of a metastable liquid core surrounded by an annular ring of 

vapor. 

4. That the mass of vapor discharging from the nozzle is negligible in comparison with the mass 

of liquid. 

5. That the change in the temperature of the liquid core as it passes through the nozzle is negli- 

gible. 

6. That the velocity and pressure are uniform throughout any cross-section of the fluid stream. 

Initially, a contraction coefficient, of the liquid jet due to evaporation, was developed. The coeffi- 

cient of contraction, C,, was defined as the ratio of the cross-sectional area of the liquid core issuing 

from the nozzle to the cross-sectional area of the nozzle exit. 

4 f* Ye C= 1—()] KOO, — apy (2.1) 

where: 

K= evaporation coefficient. 

The core diameter D’ is taken equal to the nozzle diameter. Actually D’ varies from a value greater 

than D to a value less than D. 

Bailey also used a correlation to obtain the specific volume of water, v,, as: 
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fe Ibf??> 0935 

¥_= 34,350 (——— (2.1.1) 

This factor limits the equation’s application to steam, in its current form. 

The velocity in equation (2.1) was obtained from the Bernoulli’s equation, assuming no initial ve- 

locity. 

V= [2g —P) (2.1.2) 

The variation of the pressure,p, with distance through the nozzle,y, was approximated with the 

following expression. The variation of p with y is complex and changes with local pressure, p,, 

changes. The following expression was developed by assuming the pressure variation to be linear 

with y and that the slope of this straight line is a function of saturation pressure, p,, and p,. 

_ est Pd) 
dp= 

? (Po — Px)Ps 
(2.1.3) 

Substituting equations (2.1.1-2.1.3) into equation (2.1) yields the following expression for the con- 

traction coefficient. 

C= 1 ORE 5p 5Z (2.2) 

where: 

e §=-:- Z,, function of pressures: 

P's + 3px P's (p's ~ P’) , 
Z= - (2.2.1) 
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a Px= Pa 

s i= P p= 5, 

_ Ibm} 5 
© Q= 172K 10 Trine cas 

e K, evaporation coefficient, was considered a constant. 

Secondly, the evaporation coefficient, K, was developed using some experimental data from phase 

two and an analytical model. When the discharge pressure, p,, is equal to the saturation pressure, 

P;, a short tube does not flow full, and the flowrate is equal to that for an orifice. As p, is reduced 

below p,, the rate of flow continues to be identical with the orifice flow. Eventually, a critical 

pressure is reached such that further reductions in exit pressure produce no change in flowrate. 

When flowing with the discharge pressure equal to the critical value, the vapor formed within the 

tube is sufficient to fill completely the annular space created by the contraction of the stream. At 

this flow condition, the pressure is constant through out the length of the stream from the vena 

contracta to the end of the tube and is equal to the exit pressure. Since p is constant for approxi- 

mately the entire length of the tube, D’, v,, and V are also constant. The increase in area needed 

for the passage of the vapor, 1s 

AA = KrD'(p, — p)( ms \L (2.3) 

At the critical condition 

AA=A(1-C) (2.3.1) 

and 

D'=C°D (2.3.2) 

where 
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C= discharge coefficient for a short tube = .63 

Using these relationships and the expressions for V and v,, from equations (2.1.1 - 2.1.3), equation 

(2.3) was solved for K, evaporation coefficient. 

1/2 
935 [ip - pv] 5, D K=3,52x 10°( py mom (2.2.3) 

5 ¢. 

Where p, is the critical pressure. The experimental data, p., from phase two were used to calculate 

K and it is only valid for water. 

K=(2.45 + 0.43) x 10° an c lbf 

Finally, the mass flowrate, evaporation based, was developed from combining the isentropic mass 

flowrate equation with expressions for the contraction coefficient and the coefficient of evaporation. 

G=C,Cx/2¢, {Po Px) (2.4) 

where 

C= discharge coefficient 

and 

lbm ft 
&,= dimensional constant, 32.2 5 

lbf sec 

Equation (2.4) can be used to obtain the critical flowrate. This model predicts a hard choking 

phenomenon, must decrease p, until choking is found. 
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Summarizing, Bailey developed a critical flow model based on evaporation from a liquid jet to a 

vapor core. The isentropic mass flow equation was corrected to account for the area reduction due 

to evaporation. 

2.1.3 Results and Conclusions 

A method of computing the mass flowrate of saturated or near-saturated water through nozzles 

is given in the form of equation (2.4). This method is based on the rate of evaporation from the 

liquid core into a ring of vapor, and it gave results which agreed rather well with existing exper- 

imental data prior to Bailey’s project. 

With an orifice, the stream existed as a metastable liquid. For discharge pressures appreciably be- 

low the saturation pressure, complete metastability does not exist in a nozzle, and the fluid consists 

of a metastable liquid core surrounded by a ring of vapor. 

The flow rates for orifices were predicted accurately, and rates for nozzles were predicted to within 

10 %. 

The major weakness of this model is that it is only valid for water (steam) in its current form. The 

extrapolations of this model to other working fluids require significant modifications on the con- 

traction coefficient and the evaporation coefficient. Some of the other weaknesses are: assumption 

of a linear pressure variation of the pressure inside the tube and development of the relationship 

between specific volume and the pressure using the steam table data. 
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2.2 Zaloudek 

Zaloudek [1] investigated the flow vs. pressure characteristics of fourteen different short tubes car- 

rying initially saturated and subcooled water to a region of low pressure . These tubes were 0.03 

to 5 in. ( 0.00076 to 0.127 m ) in length and 0.25 to 0.625 in. ( 0.00635 to 0.01588 m) in diameter. 

All had sharp leading edges. Two discreet choking phenomena were visually observed in the tubes. 

The first occurred at the vena contracta near the inlet of the tube when the local static pressure 

dropped to approximately the saturation pressure. During this choking phenomenon, the pressures 

on both sides of the tube were considerably above the saturation pressure. When the downstream 

pressure was lowered below the saturation value, the choking ceased and an annular flow pattern 

was set up that allowed the metastable passage of the water through the tube. At still lower back 

pressures, a second choking phenomenon occurred at the downstream end of the test section. The 

critical flow at which this downstream choking occurred was dependent principally on the upstream 

pressure and temperature. A slight systematic dependence of the critical flowrate on tube dimen- 

sions was suggested by the data, but it could not be separated quantitatively from the scatter of 

experimental points with any certainty. The experimental data was compared with predicted values 

from a surface tension model, Burnell [9] and Kinderman and Wales [10], and from a surface 

evaporation model, Bailey [4]. Both models predicted the data fairly well. This correspondence 

between the present data and the predictions of greatly dissimilar models was attributed, in part, to 

the semi-empirical nature of the prediction equations. Visual observations of the choking phe- 

nomenon in a glass test section revealed features indicative of both the flow models, and the si- 

multaneous existence of both mechanisms was suggested. 
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2.2.1 Experiment 

Fourteen different short tube test sections were considered in this investigation. The L/D ratios 

ranged form 0.018 to 20. All but one of these tubes had sharp and clean leading edges. One was 

machined to a rounded entrance shape for data comparison. 

One transparent test section was constructed for visual investigation of flow. The test section was 

horizontal and placed between flanged sections. 

The measured quantities were upstream pressure, upstream temperature, downstream pressure, 

mass flow rate, and the pressure differential across the short tube. 

2.2.2 Observations and Modelling 

Figure 3 illustrates the experimental flow vs. pressure characteristic curve for a short tube. The tube 

had a sharp leading edge and the water was subcooled. 

According to Figure 3, there are four distinct regions of flow conditions. At low values of pressure 

across the short tube, AP, and mass velocity, G, it can be seen that the characteristic line (ab) ex- 

hibited the usual flow pattern for single component-single phase substances. When the AP reached 

a Critical (first-step-critical) value as typified by point (b), an apparent choking phenomenon caused 

a sharp break from the normal characteristic line. As the AP was increased in small steps in this 

region, stable operating points on the choked characteristic were noted. The flow pattern, vapor 

forming at the vena contracta, is similar to that shown in Figure 2 (a). These decreases in back 

pressure caused no increase in flowrate until a second critical pressure differential was reached, (c). 

Further decreases in the downstream pressure was accompanied by increased flowrates and is typi- 

fied by the line (cd). The free discharge condition was set up and there was no longer stagnant, 
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flashing fluid in the area around the vena contracta, as shown in Figure 2(b). Upon the attainment 

of a third critical pressure (d), a choked, second-step-critical condition was reestablished so that a 

further reduction in downstream pressure caused no change in the flowrate. 

Another observation was that the phenomenon exhibited no jump conditions like Bailey’s obser- 

vations. The above description was for a decreasing back pressure, but the same operating points 

could be produced by increasing the back pressure. 

No original mathematical modelling was done. The first critical flowrate was predicted by the sim- 

ple isentropic mass flow equation with an adiabatic discharge coefficient. The discharge or the exit 

pressure was replaced with the saturation pressure corresponding to the upstream temperature. 

Figure 4 shows an important result: for constant temperature and pressure, the flowrate at which 

the first-step-critical occurs is essentially independent of the tube length. The pressure at the vena 

contracta, at first-step-critical, is almost equal to the saturation pressure for the upstream temper- 

ature. Data gathered from short tubes equipped with axial pressure taps appear to substantiate this 

observation. By contrast, the second-step-critical pressure differential and mass flux were a function 

of tube length. 

2.2.3 Results and Conclusions 

Although the first-step-critical flow phenomenon satisfied many of the requirements of the defi- 

nition of critical flow, it did not have the unique feature of a choked condition,that of inviolable 

mass flowrates for all back pressures. The first-step-choking stops when the local static pressure 

falls below the saturation pressure. This allowed the water to pass freely and metastably through 

the tube to the downstream region where it eventually cavitated. 
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Unlike Zaloudek, Bailey did not see a first-step-critical and they both observed a hard choke, similar 

to second-step-critical. Similar flow patterns, core-annular, were observed from both experiments. 

The downstream choking occurred at or beyond the downstream face of the test sections, according 

to the experimental observations. It was mainly a function of upstream pressure and temperature. 

The second-step-critical flow data was compared in Figure 5 with the Burnell-Kinderman and 

Wales surface tension model and Bailey surface evaporation model. The details of the critical flow 

mechanism postulated in the surface tension model and the surface evaporation model are dras- 

tically dissimilar, although it is seen that in the range of variables considered here the critical mass 

velocities predicted by both of these methods show a correspondence. This is not surprising since 

both of these models are semi-empirical devices in which the predicted values were forced to fit 

observed data. 

2.3 Fincke, Collins, and Wilson 

A number of experiments were conducted by Fincke, Collins, and Wilson [11] to investigate the 

role played by grid-produced turbulence on the nonequilibrium choking process in short nozzles 

with subcooled upstream conditions. Testing was conducted in a low pressure flow loop at a con- 

stant temperature of 167°F (75°C). Grids were placed upstream of the nozzle to alter the intensity 

and scale of turbulence. These changes were reflected in the degree of the thermodynamic none- 

quilibrium in the nozzle and in the critical mass flux. It was found that the data were ordered 

logically by the turbulent integral-length scale. Subsequently, a nonequilibrium vapor generation 

model based on a description of the turbulent transport of thermal energy was developed. The 

vapor generation model was combined with conservation equations to define the critical flow con- 

dition. 
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2.3.1 Experiment 

A converging-diverging nozzle with a constant throat area was used in this experiment. Three 

interchangeable grids were used, one at a time, at a location upstream of the nozzle entrance. One 

grid consisted of fine mesh screen, another of medium mesh screen, and the third of coarse mesh 

screen. 

The temperature upstream of the nozzle was held constant. The mass flux was controlled, while 

the upstream pressure was allowed to vary. The upstream stagnation pressure was measured from 

a pressure tap just prior to the nozzle entrance, and pressure taps were used to obtain the pressure 

profile inside the transparent nozzle. 

A laser Doppler anemometer (LDA) system was used to obtain the turbulence intensity data up- 

stream of the nozzle. 

2.3.2 Observations and Modelling 

Experimental observations regarding cavitation regimes and the effect of changing stagnation pres- 

sure, stagnation temperature, and back pressure are given in detail by Fincke and Collins [12]. 

Other observations were: 

¢ Irrespective of the mesh type, the mass flux increased with the stagnation pressure. 

e The fine mesh grid produced a slightly higher mass flux than the other two. 

° Like Bailey and Zaloudek, Fincke et al observed that for wall pressures below saturation 

pressure vapor generation occurred in the throat area. 
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e = §=©Acore-annulus type flow pattern resulted in the throat area. 

Fincke divided the mathematical modelling into two parts. Kutateladze [13] developed an ex- 

pression for the distribution of heat in cylindrical coordinates, assuming that the heat conductivity 

in the jet is due to molecular conductivity plus isotropic turbulence. A flat velocity profile was 

assumed. He also assumed that the jet is symmetrical about its axis and that the radial temperature 

gradient is much larger than the axial gradient. The resulting energy equation was 

UR, 3© _ #0 , 1 2 
(ate)R, OX 72 Z OZ (2.4) 
  

where 

U,= liquid velocity 

R,= jet radius at location x 

R,= initial jet radius 

a= thermal diffusivity 

é,= turbulent thermal diffusivity 

©= nondimensional temperature 

X= nondimensional axial coordinate 

Z= nondimensional radial coordinate 

The initial condition is that at ¥=0, @=1. The boundary condition is that for Z= 1, O=0. 

In general, semi-empirical theories of turbulent flow relate the rate of turbulent transfer to a distance 

and a velocity gradient. The energy transport mechanism in the liquid jet is related to the absolute 

value of the liquid velocity, therefore the following expression for ¢,, turbulent thermal diffusivity, 

was used. 

Ey = Ex Rx U, (2.4.1) 

Fincke, et al [11], assumed R, and U; to be constant in the constant area throat section, and 

equation (2.4) was solved for © in the constant area section of the converging-diverging nozzle. 
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a 2 

O= ) An dol An Z Je~ Cnet (2.5) 
n=] 

where 4, is defined by 

2 

n= FTG (2.5.1) 

The term J, is the zeroth-order Bessel function of the first kind; /; is the first-order Bessel function 

of the first kind, and the A, values are zeros of J,. 

For a turbulent heat transport process, the molecular thermal diffusivity is much less than the tur- 

bulent thermal diffusivity. Using equation (2.5), the heat transfer rate g, between the inception 

of vaporization and a station at location L is given by 

L 

Go= 2nRo| G’ ax (2.6) 

where 

yt 
  

PIC @ + 8, )(T, — T ) 60 ! 
(2.6.1) 

R, aZ 5. 
1 

The evaluation of equation(2.6) leads to 

. oo 2 

a Go _ + le~ AneX 1| (2.7) 

4nR2G°Cy(To-T) YB 
  

Where G’ is the critical mass flux. For small values of eX, the nght hand side of equation (2.7) 

may be adequately represented by 
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qo 
42 R5G Cy(T)- T) 
  = 14.786 ex X (2.7.1) 

The resulting energy transfer from equation (2.7) will result in a phase change or some vapor gen- 

eration. The mass flowrate of this vapor at location X is given by 

  . 
Ni, = 2.7.2 Bes (2.7.2) 

An expression for the critical condition was developed using the continuity equation, Bernoulli’s 

equation, and the following assumptions. 

¢ No slip between the two phases. 

e Liquid mass fraction is much greater than the vapor mass fraction. 

» The momentum equation was applied only to the liquid jet. 

«_ {201(P,— Py}? 

  

G (2.8) 
PI qo 

1+ Pe aah 
GA he 

Finally, combining equations (2.7) and (2.8), critical mass flux at X= 1 becomes 

. 2p)(P,—P)}'? G*= {2 pi (Po - )} (2.9) 

P! (7,—T ) 
1+ Pg Col Tig 4 (14.786) ex 

where 7 is the saturation temperature corresponding to P’, throat pressure, p, and /, are evaluated 

at 7°. For a given stagnation pressure, P,, and stagnation temperature, 7,, assuming e- is known, 

the maximum or critical mass flux is obtained by steadily decreasing P’ until a maximum G*° is 
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obtained. Fincke obtained three different «. for the three different grid types. A discharge coeffi- 

cient was also calculated from the mass flux data. 

2.3.3 Results and Conclusions 

Fincke set X to be one, which models the choking in the vena contracta area. This might not be a 

good idea since Zaloudek showed that the choking at vena contracta can be eliminated. 

Fincke also calculated «-, turbulent transport coefficient, from other experimental data and as well 

as from his own data, from the three different grids. The «- ranged from 1.12 x 104 to 5.83 x 10°. 

The placement of grids upstream of the convergent-divergent nozzle significantly altered the critical 

mass flux and thermodynamic nonequilibrium. «s-, a turbulent transport coefficient, can be con- 

sidered as a parameter that interconnects turbulence, heat transfer, and mass flux. For example, 

an increase in e- will enhance the heat transfer due to high degree of turbulence. This will increase 

the rate of evaporation and will result in a lower critical mass flux. 
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3.0 NIST Experiment 

This project was inspired by Aaron and Domanski’s [5] R-22 data. Up to this day, this has been 

the most complete set of experimental information on flow through the short tubes available. The 

project was also inspired by the need for a physically realistic prediction methodology with mini- 

mum empiricism. Such a methodology would allow extrapolation to other refrigerants and refrig- 

eration systems. 

The objective of Aaron and Domanski’s project was to develop a methodology for predicting mass 

flowrate through short tubes and to derive a simple flow model. This model would not be a com- 

plex two-phase flow prediction model but a simple, semi-empirical one. 

The experiment was limited to the flow of initially subcooled Refrigerant 22 (R-22) through short 

tubes having length to diameter ratios (L/D) between five and twenty. The operating parameters 

were independent of the tube geometries governing the flow. The controlled parameters were up- 

stream pressure, upstream subcooling, and downstream pressure. Tube length, tube diameter, and 

inlet chamfering were also varied. 

The rest of this chapter will explain the experiment, the experimental observations, and the empir- 

ical model. 
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3.1 Experiment 

The experimental loop was designed such that each influential operating parameter could be indi- 

vidually controlled while keeping other parameters constant. A schematic describing the length, 

diameter, and chamfer depth of the short tubes is presented in Figure 6. The L/D ratios of the 

short tubes ranged from 5 to 20. 

Mass flowrates during tests ranged approximately from 100 - 700 lbm/hr (45 - 318 Kg/hr). Testing 

conditions were selected to cover the operating range for a residential heat pump. The base oper- 

ating conditions were upstream (condenser) pressure at 250 psia (1724 Kpa), downstream 

(evaporator) pressure at 91 psia (627 Kpa), and subcooling at 17.5 °F (10 °C). Points above and 

below the base point were selected to capture nonlinear trends and to extend the analysis. The 

controlled parameters were upstream pressure and subcooling and the measured quantities were 

upstream and downstream pressure, subcooling, and mass flowrate. A short tube with pressure taps 

was used to obtain the pressure profile inside the tube. 

3.2 Experimental Observations 

The authors observed the following trends in mass flowrate versus other parameters. The pressure 

profile inside the tube was also noted with interest. 

Mass flowrate and downstream pressure: Figure 7 shows that critical pressure, below which the 

mass flowrate has no dependency upon the downstream pressure,Paown, WaS never obtained within 

the operating range, an example of soft choking. Figure 7 shows mass flow for three different up- 

stream pressures, as a function of downstream pressure. There is a break in the curve when the 
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downstream pressure drops slightly below the liquid saturation pressure, Ps, referenced to the up- 

stream subcooled liquid temperature. For downstream pressure greater than P,., the mass flow 

was very dependent upon the downstream pressure. When the downstream pressure was below 

Ps (liquid flashing inside the short tube), the flowrate became fairly insensitive to the downstream 

pressure. The mass flowrate increased typically 3 to 8 % from the time when the downstream 

pressure was near P,,, to the time when the downstream pressure was at a minimum value. 

Mass flowrate and upstream pressure: As shown in Figure 8, the mass flowrate increased with the 

upstream pressure. One could justify the above observation with the following explanations: 

e Since the throttling process is isenthalpic, increasing the upstream pressure with constant 

subcooling increases the available pressure drop before the flashing pressure is reached. This 

tends to increase the mass flowrate through the short tube because, once the flashing pressure 

is reached, the fluid becomes approximately choked. 

e §=© Again, for constant subcooling, an increase in upstream pressure will result in higher saturation 

pressure and vapor density. This will also increase the mass flowrate. 

Mass flowrate and upstream subcooling: Figure 9 shows the change in the mass flowrate as a 

function of the upstream subcooling at three different upstream pressures. The flowrate increased 

with the degree of subcooling. There are two separate effects which occur when subcooling is in- 

creased, both of which tend to increase the mass flow. 

First, since the fluid density is a function of temperature for subcooled liquids, increasing the degree 

of subcooling increases the upstream fluid density. Therefore, the overall mean density of the fluid 

throughout the short tube is increased which permits a higher mass flowrate. 
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Second, since the throttling process is isenthalpic, raising the subcooling increases the pressure drop 

before the fluid flashes. 

Mass flowrate and tube length and diameter: Figure 10 shows the mass flowrate as a function of 

short tube diameter. Comparing the relative changes in mass flowrate with other geometric pa- 

rameters demonstrated that the flowrate is most dependent upon the tube diameter. The exper- 

imental data was correlated to the equation m= C, (D)*, where C; was an arbitrary coefficient and 

C, was an arbitrary exponent. Exponent c was found to be 2.11 for sharp-edged short tubes and 

2.02 for chamfered inlet short tubes. This result shows that the flow is proportional to the short 

tube diameter squared and in effect to the cross sectional area. 

Figure 11, shows that the mass flowrate decreased and leveled off with an increase in the tube 

length. The primary reason could be that, as the tube length decreases, the fluid has less tume to 

flash. A corresponding larger liquid core, larger mean fluid density, and a larger mass flowrate result. 

Mass flowrate and chamfering: Figure 12 shows the mass flowrate as a function of inlet chamfering 

depth. For the short tubes tested, the flowrate increased with increasing chamfer depth. | Flow 

dependency on inlet chamfering varied with the short tube L/D ratio: at larger L/D ratios, flowrate 

displayed more dependency on inlet chamfering. It was also noticed that exit chamfering had no 

effect on mass flowrate. By chamfering the inlet, entrance losses can be reduced. This wil result 

in a higher mass flowrate. ? 

1 The upstream conditions for the Figure 12: upstream pressure 250 Psia (1724 Kpa), upstream subcooling 
25 °F (13.9 °C ), tube length 0.5 in (12.7 mm ), and diameter 0.053 in ( 1.35 mm). 

2 The NIST authors showed only few selected data points on Figure 12. This increasing trend was not 
apparent when all chamfered tube data was plotted. See Figure 20 and Figure 21. 
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Mass Flowrate Dependency Upon Short Tube Diameter [5] 
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Pressure profile: Figure 13 shows typical pressure profiles. The upstream and downstream pres- 

sure levels are representative of typical heat pump operating conditions. There is a pressure drop 

in the tube, with most of the decreases at the inlet and at the exit. The pressure drop at the inlet 

is due to the sudden contraction in the flow area and result with sudden flow acceleration. The large 

change at the exit plane would indicate choking in single phase flow. Since the flow exist in two- 

phase at the exit plane, one could visualize this drop as an approximate choke. 

Summarizing the experimental observations, one could say that the mass flowrate through the sort 

tube increased with the upstream pressure and subcooling, tube diameter and inlet chamfer. It de- 

creased and leveled off with an increase in tube length. The flowrate becomes more sensitive to the 

length when the L/D ratio falls below ten. The flowrate has no dependency on the exit chamfer. 

3.3 Semi-Empirical Model 

The simplicity of the model and the accuracy of the mass flowrate prediction were the two main 

criteria used in the model formulation. This model applies to the soft choked flow condition, i.e. 

Paown < Psa. Using upstream and downstream pressures and subcooling as the design parameters 

and observing that the pressure inside the short tube approximated P,. dictated the use of an orifice 

equation. 

P,—P,) |” (P, — Po) | GB.) 
M=CA, ae 2 

(1-6) 

The above equation was again modified with governing parameters to realistically match the ex- 

periment. It was realized that P2, since critical, would be approximated better with Pra than Paown- 

Also, from experimental work it was observed that the appropriate P, was a function of subcooling 
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, downstream pressure, and tube length and diameter. The following correlation was developed to 

correct P; in terms of other controlling parameters. 3 

2 

Py = Peay (1 + 12.599 (SUB)! 773 —.1229 EXP ( —0.17( &) ) — 0.04753 (EVAP)?*'"?) (3.2) 

Where: 

Tear — Try 
SUB = | ToT ao a (3.2.1) 

Sa 

Po —P 
EVAP = sa torn (3.2.2) 

Sa 

The (1 — £*) term was dropped because the ratio between the upstream diameter and the down- 

stream diameter raised to the power four is significantly less than one. Finally, to correct the model 

with the chamfer dependency the following constant was derived as a function of chamfer depth 

and L/D ratio. 

0.5844 0.2967 

C,=14 0.0551) (Ce) (3.3) 

where: 

DEPTH = chamfer depth(45°angle) 

The final flow prediction model becomes: 

M=C, A, (2 p (P)—Py))'? (3.4) 

In developing this model, a uniform, turbulent, flat velocity profile was assumed. Effects of normal 

stream turbulence or stream swirling caused by elbows and inlet screens were neglected. 

3 A typographical error was found in the NIST report [5] and it was corrected after direct communications 
with David Aaron. 
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3.4 Conclusions 

The authors claimed that the semi-empirical model predicted 95 % of the flowrate data within 

+ 5%. It also predicted 86 % of R-22 experimental data, by Domingerana and Ball [14], within 

+ 5% and with maximum deviation of 7 %. 

Flow through a short tube restrictor was observed to be approximately choked once the down- 

stream pressure was reduced below P,1. This condition applies to typical heat pump applications 

in both the heating and cooling modes. With further reductions in downstream pressure below 

Psat, the mass flow increased at a slower rate. This was considered a non-ideal soft choke, with 

flowrates showing a weak dependence upon downstream pressure. 

Large changes in pressure were observed at the short tube entrance and exit planes when the 

downstream pressure was well below P,. The pressure drop in the entrance plane was caused by 

the area contraction and subsequent fluid acceleration. The large pressure drop in the exit plane 

indicated that choking, at least non-ideally, has occurred. The pressure levels inside the tube was 

nearly constant and approximated P,,... There was a small pressure drop across the short tube which 

increased as downstream pressure or subcooling was decreased. It was observed that the pressure 

everywhere within the tube varied when the downstream pressure was varied. This finding supports 

that the flow was never ideally choked. 
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4.0 Modelling of Experimental Results 

The objectives of this project were to develop a method to model Aaron and Domanski’s [5] R-22 

experimental results and develop a methodology to predict flowrates through short tubes regardless 

of the working fluid. Most of the existing prediction methods contain a high degree of empiricism. 

Therefore, a lot of attention was paid to avoiding material constraints and minimizing empirical 

constants. The modelling of the critical flowrate was considered most important. Since a truly 

physically realistic model would predict the flowrate and the pressure profile, the modelling of the 

pressure profile was also attempted. 

The critical flow model will be developed for non-chamfered short tubes. Initially, Fincke’s model 

will be modified with a constant empirical coefficient. Next, Fincke’s model will be modified with 

a varying empirical coefficient, as function of operating parameters. Finally, the effect of chamfering 

on critical flowrate will be studied. 
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4.1 Critical Flowrate Model 

This model is an extension of Fincke et al’s [11] vapor generation model. This was extended from 

a nozzle to a short tube. Also, Fincke’s turbulent transport coefficient, «-, 1s viewed not simply as 

a transport coefficient but as an empirical correction factor compensating for the various effects 

neglected in the model. 

Modifications to Fincke Model 

Most of the short tube restrictors have sharp edge entrance. From experimental observations, by 

Bailey {4] and Zaloudek [1], it was noted that at critical condition the flow pattern is a liquid core 

with a vapor annulus. The liquid core is similar to that for flow through sharp edge orifice, therefore 

for the new flow model a contraction coefficient, Cc, of 0.62 will be used in contrast to 1.0 used 

by Fincke for the nozzle. 

Fincke used equation (2.9) to obtain critical mass flux for a location at X= 1. This location relates 

to a length equal to one radius, which is still in the vena contracta area. This was arbitrarily picked 

by Fincke but reasonable for a well rounded converging-diverging nozzle. It was decided to use the 

actual X of a given tube (ie. X= L or X=2 +). The actual X would predict the critical con- 
R 

dition somewhat similar to Zaloudek’s second-step-critical. 

The turbulent transport coefficient, «-, was considered as a correction factor, for turbulent effects 

and nonequilibrium heat transfer effects, on the critical mass flux. 

Initially, an average e- of 7.79 x 10-*, from Fincke’s experimental results, which includes some high 

pressure and high temperature data (near critical point), was used with equation (2.9) to reproduce 

the NIST flow data. Figure 14 shows the actual mass flowrate versus the predicted mass flowrate. 

This particular «- did not predict the data well. The maximum error was 20 % and the standard 

deviation was 12.1 % and predictions were all low. 
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Modifications to Fincke’s e« 

The effect of e« on the mass flowrate was studied. Figure 15 shows the critical mass flowrate for 

three different e« with all other conditions held constant. It shows that increasing «- will result in 

a lower mass flowrate. This can be explained by the fact that an increase in e will result in a high 

rate of heat transfer due to turbulence, hence reducing the flow of the metastable liquid. 

Next, using the critical flow information from the NIST data set an e- was calculated for every test 

condition. For a given test condition, solving equations (4.1) and (4.1.1) simultaneously, P* was 

reduced until a minimum e- was obtained for the experimental mass flowrate. 

  

1 

Be 4p (to a ) 14.786 

where 

° 
C= = 4.1.1 

{2pAP,— P')}'? oe 

The best single «- was 4.19 x 10-5, based on all non-chamfered data. Figure 16 shows the predicted 

data versus experimental data using the above e-. The maximum error was 18 % and the standard 

deviation was 6.15 %. The errors were now random, an improvement over Fincke’s «-. Since the 

e+ still did not predict data very well, the effect of controlling parameters on s. were studied. 

Variation of e with Operating conditions 

e Figure 17 shows how e- varied with upstream stagnation pressure. This shows no clear de- 

pendence. 

LE ¢ Figure 18 shows how e& varied with D ratio. Once again it does not show any coherent re- 

lationship. 
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° Figure 19 shows how e- varied with upstream subcooling. An increase of subcooling results 

in a decrease in e+, approximately linear. Scatter in data doesn’t allow closer determination and 

scatter is larger at low subcooling since the temperature difference is smaller. 

It was realized that, from the above observations, only upstream subcooling had any effect on «. 

The following relationship was developed to obtain «- as a function of upstream subcooling. 

ex = — 1.95 x 10°C F |)Tayy + 7.65 x 10° (4.2) 

Combining «- with the constants in the denominator of equation (2.9), 4 and 14.786, yields the 

following correction factor as a function of upstream subcooling. 

Ex = 4(14.786)e 
(4.3) 

=(-1.12x10“(°F))Teyyp + 4.45 x 107° 

The E. will be zero for subcooling levels greater than 39.7°F (4.3°C). This should not be a major 

concern since for a typical heat pump system the subcooling level is about 15°F ( — 9.45°C }. Any 

liquid at an extremely high state of subcooling will not flash in a typical short tube, hence the 

flowrate can be predicted well by using a single-phase flow method. 

Mass Flux Calculation Method 

The critical mass flux is 

G"=Cp Co {2p)( Py — P*)}'? (4.4) 

where C; is a flashing coefficient. The value of Cr will be greater than zero and less than one for 

flashing liquids and will be one for non-flashing liquids. 

1 

* LL 1+ p' Nar Es 2-5 
  Cr={ } (4.5) 

Cco= .62 thecontractioncoefficientforasharpleadingedgeshorttube. 
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Pp = Pg (4.5.1) 

Cy(T>-T 
AT= Snort (4.5.2) 

Sg 

Ex= —(1.12x 10°?F) Ty, + 4.45 10° (4.5.3) 

Tsup is the liquid subcooling (i.e. difference between the saturation temperature and the liquid tem- 

perature) and the thermodynamic properties are evaluated at 7°, saturation temperature corre- 

sponding to the throat pressure, P’. The mechanics of obtaining the critical mass flux are similar 

to that for Fincke model. (i.e, is to reduce P* until a maximum G’ is obtained). 

Effects of Chamfering on Mass Flux 

Vena contracta area can be increased by chamfering the leading edge of a short tube. Typically, 

short tube restrictors have sharp leading edges. 

The effect of chamfering on the contraction coefficient was studied. Figure 20 shows contraction 

coefficient, to match the experimental data, versus chamfer depth. For a given chamfer depth NIST 

test authors only varied the upstream pressure and the level of subcooling. The figure shows no 

clear, coherent relationship between the parameters. The average contraction coefficient was 0.69. 

Next, the effect of the ratio, between the chamfer depth and the tube diameter, on the contraction 

coefficient was studied. Figure 21 shows once again, that there is no clear cut relationship between 

the two above said parameters. 

Since no clear correlation could be developed for chamfered tubes, it was decided to use the average 

value of 0.69. 
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Calculation Program 

A Fortran code, to obtain the critical mass flux, is given in Appendix E. The methods used to ob- 

tain thermodynamic properties are also explained in Appendix E. 

4.2 Comparison of Model with NIST Experiment 

The critical flow model, equations(4.4-4.5.3), was used to predict the flow data obtained by Aaron 

and Domanski. They obtained 415 different flow data using short tubes with sharp leading edges, 

representing different configurations of controlling parameters. 

The critical mass flowrate was calculated, by using equations (4.4 - 4.5.2). The solving mechanism 

was iterative and P* was decreased until a maximum mass flux was obtained. At every new P* the 

flashing coefficient, Cz, was also calculated. At the critical condition, shown in Figure 22, values 

of Cr were fractions of one. 

The critical flow model predicted the non-chamfered short tube (NIST) data with a maximum error 

of 8 % and a standard deviation of 3.3 %. The model also predicted 91 % of the experimental data 

within + 5%. Figure 23 shows the experimental flowrate versus the calculated flowrate. 

Figure 24 shows actual flowrates versus predicted flowrates using the NIST semi-empirical flow 

model. This model predicted flow data with a maximum error of 11 % and standard deviation 

of 4.50 %. 

Figure 25 shows experimental, chamfered, flowrate data versus predicted flowrate data, using Cc 

of 0.69. The critical flow model predicted the experimental data with a maximum error of 20 % and 

a standard deviation of 7.6 %. The predicted flowrates for small L/D ratios did not agree well with 

experimental flowrates. 
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The model matched all other experimental trends observed by Aaron and Domanski except the 

chamfer depth versus mass flowrate trend. 

4.3 Comparison with Other Flow Models and Data 

Domingorena and Ball [14] 

An air-to-air split system residential heat pump of nominal three-ton capacity was instrumented and 

tested in the heating mode under laboratory conditions. R-22 was the refrigerant. 

Figure 26 shows experimental flowrate versus predicted flowrate, from the critical flow model. The 

maximum error was 8 % and the standard deviation was 4.51 %. The critical flowrate model 

predicted 81 % of the experimental data within + 5%. 

Mei [15] 

Mei used R-22 to obtained Cp for short tubes. The flow data was directly obtained from the author. 

A range of L/D ratios and upstream conditions were used. Figure 27 shows experimental flow data 

versus predicted flowrate. The critical flow model predicted experimental flow data with a maxi- 

mum error of 13 % and a standard deviation of 14.9 %. 

Pasqua [16] 

Pasqua discussed the flow of saturated and subcooled liquid R-12 through small diameter orifices, 

short tubes and nozzles. The data, for a nozzle with different L/D ratios, were only available in 

graphical form. Figure 28 shows mass velocity for different pressure differentials across the nozzle. 

The critical flow model predicted experimental flow data with a maximum error of 3 %. This en- 

courages the extrapolation of the critical flow model to other refrigerants. 

4.0 Modelling of Experimental Results 63



  1000 
  

  

  

  

  

  

  

  

p
r
e
d
i
c
t
e
d
 

fl
ow
ra
te
 

(
l
b
m
/
h
r
)
 

                      100 
100 1000 

Experimental flowrate (lbm/hr) 

Kg/ hr = 2.204 X lbm/ hr 

Figure 26. Actual Flowrate, from Domingorena & Ball [14], vs Predicted 
Flowrate, Using the Critical Flow model 

4.0 Modelling of Experimental Results 64



1000 

P
r
e
d
i
c
t
e
d
 

fl
ow
ra
te
 

(
l
b
m
/
h
r
)
 

r   100 
100 1000 

Experimental flowrate (Ibm/hr) 

Kg/ hr = 2.204 X lbm/hr 

Figure 27. Actual Flowrate, from Mei [15], vs. Predicted Flowrate, Using the 
Critical Flow Model 

4.0 Modelling of Experimental Results 65



  10000 
  

  

  

  

  

  

  

  

P
r
e
d
i
c
t
e
d
 

Ma
ss

 
F
l
o
w
r
a
t
e
 

(
l
b
m
/
h
r
)
 

                      1000 
1000 10000 

Experiment Mass Flowrate (Ibm/hr) 

Kg/ hr = 2.204 X tbm/ hr 

Figure 28. Actual Flowrate, from Pasqua [16], vs. Predicted Flowrate, Using 
the Critical Flow Model 

4.0 Modelling of Experimental Results 66



Bailey [4] 

Figure 29 shows the experimental mass flux versus predicted mass flux from the critical flow model. 

The upstream pressure was atmospheric and the temperature was 206.9°F (97.16°C). The working 

fluid was water. The critical flow model predicted the mass flux with a maximum error of 68 % 

and the standard deviation was 62.3 %. This high error could be due to the fact that the correction 

factor, E., was developed using R-22 flow data. 

Next, E. was obtained using flow data from Bailey’s experiment. An average value of 2.38 x 10° 

was used with the critical flow model, as shown in Figure 29, and it predicted the flow data with 

a maximum error of 11 % and a standard deviation of 10.5 %. 

Even though water is not a refrigerant, this study was done to understand the ability and the 

problems related to extrapolation of this model to other fluids. 

Summarizing the comparison of experimental data with the critical flow model, it was clear that the 

model predicted CFC and HCFC data well. For water the model was inadequate. 

4.4 Modelling the Pressure Profile 

Aaron and Domanski [5] recorded the pressure profile for various downstream pressures, keeping 

upstream pressure and subcooling constant. Some typical profiles are shown in Figure 30. 

Figure 30 shows that a large change in pressure exists at both the inlet and the exit of the tube. 

The initial pressure drop is due to the rapid contraction in the flow area and corresponding accel- 

eration. The large pressure drop in the exit plane would indicate a choked condition for single- 

phase flow. Figure 30 shows that a reduction in back pressure caused a pressure drop, much less 

than the exit drop, throughout the short tube. The large pressure drop in the exit plane and the 
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slight drop inside the tube confirms the soft choking observed by Aaron and Domanski. Here are 

some other conclusions made by Aaron and Domanski. 

e —— As predicted by Zaluodek [1], choking occurred at the exit or slightly outside the tube. 

e The downstream pressure waves are at a higher velocity than the refrigerant and accordingly 

can communicate information upstream. 

e = If the flow is truly separated, then different sonic velocities will exist for each phase. The vapor 

phase could be choked while the liquid may be traveling supersonic with respect to the vapor 

phase while subsonic with respect to itself. 

It was also observed that a misty jet exited the short tube. This jet grew in size as downstream 

pressure decreased and never transformed into a separated flow. 

Due to the above observations and the following reasons, it was decided to develop a mathematical 

model to predict the pressure drop across the area change. 

e <A good physically realistic model will model the pressure profile as well as the critical mass 

flux. The critical flow model, extension of Fincke’s model, predicted the pressure drop to P” 

at the inlet but does not model the drop to Piown at the exit. This model also shows no influ- 

ence Of Paown on P* and on m after choking. 

¢ NIST did limited pressure profile test runs. Their objective was only to develop a critical flow 

model and not to understand the mechanics of flow through short tubes. They did incorpo- 

rated the downstream pressure into their semi-empirical flow model. 

e If attempts were made to extend the Fincke model to explain the exit pressure drop, it was 

decided that the soft choking phenomenon could be well understood. 
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Three mathematical models, developed in an effort to understand the tube exit pressure drop, are: 

1. Fluid changes from metastable to HEM in a constant area section. 

2. Fluid changes from metastable to HEM, isentropically, through a variable area section. 

3. Fluid changes from metastable to HEM through a variable area section. 

Results of the Three Models 

Model one 

The exit pressure drop was modeled as metastable fluid expanding into a HEM two-phase fluid in 

a constant area section (see Appendix B for more details). The Fincke model was used to get 

properties at the inlet and the conservation laws were applied to a control volume. 

It was found out that the mass flowrate decreased with an increased pressure differential across the 

control volume. Also, the entropy decreased across the control volume. This process is physically 

impossible. Modelling a pressure rise across the control volume was not pursued since only a 

pressure drop was experimentally observed. 

It was concluded that the metastable fluid does not expand into a two-phase (HEM) fluid within 

the constant area section of a short tube. 

Model Two 

In this model, flow through a diverging area section was studied. Saturated liquid entered the sec- 

tion and a HEM two-phase fluid exited (see Appendix C for more details). The process was 

modeled as isentropic and the governing (mass and energy) equations were applied. 

A plot of pressure drop versus area ratio displayed three regions. In region one the flow was the 

two-phase equivalent of the single-phase subsonic diffuser. In the second, the flow was the two- 

pahse equivalent of the single-phase supersonic nozzle with normal shocks at the exit. The last 
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section, the flow was the two-phase equivalent of the single-phase supersonic nozzle with shock 

waves inside the section. 

This study did not help in explaining the exit pressure drop. It showed that the pressure drop can 

be explained with some shock phenomenon. 

Model Three 

In this model the exit pressure drop was modeled as metastable flow expanding into a HEM fluid 

through a known area change section (see Appendix D for more details). The Fincke model was 

used to obtain the metastable state and the governing equations were applied to this area change 

section. 

The analysis showed that the mass flowrate increased with an increase in the area ratio. In contrast 

to constant area expansion, this model predicted an increase of entropy across the control volume. 

The model did not predict choking and it overpredicted the critical flowrate. 

In conclusion, no physically realistic model was developed to predict the exit pressure drop. 
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5.0 Conclusions 

The objective of this project was to develop a physically realistic method for predicting the flowrates 

in short tubes. 

In the initial phase of this project, previous work on flow through short tubes was studied. It was 

found that most of these models contained high degrees of empiricism. They were thus good only 

for fluids and geometries used in the experiment. As an example, the NIST [5] semi-empirical 

model contained six empirical constants. 

A critical flow model was developed based on an extension of Fincke et al ‘s [11] vapor generation 

model. The model was based on the observation that choked short tube flow consist of a liquid 

core and a vapor annulus. The only empirical factors were E’, correction factor compensating for 

the assumptions made in the model development, and Cc, to account the area reduction due to vena 

contracta. The contraction coefficient, Cc, was assumed to be dependent only on inlet geometry. 

E. was found to be roughly dependent on inlet subcooling. The model gives mass flux as a function 

of upstream conditions and P’, choking pressure. P* must be reduced until a maximum mass flux 

is found. 
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A truly physically realistic model would predict the pressure profile inside the short tube. The 

modelling of the pressure profile was attempted, but no model was found to predict the pressure 

drop at the short tube exit. 

Summary of the Critical Flow Model 

The critical flux equation is 

G"=CoCp{2p)(P, — P)}'? (5.1) 

Cc= contraction coefficient. Values are approximately the same as for single-phase flows: 

Cc= 0.62 for sharp leading edge 

Cc= 0.69 for chamfered leading edge 

Cc= 0.90 for well rounded leading edge 

Cr= flashing coefficient. It represents the reduction of the flow due to flashing ( evaporation ). 

1 
  

Cr= * (5.2) 

pe gt Silo“ T) ek 
Pe hsp D 

where 

Ex= — (1.12« 10“(¢F'))Tyy, + 4.45% 107 
(5.3) 

=0 

Whichever is smaller. 

P* is the choking pressure. Adjust P* ( and associated T,p,, p,, and A, ) until maximum G’ is found. 

This is choked flow. If Paown is greater than P* then, use Puown instead of P*’. All thermodynamic 

properties are evaluated at 7°, and Tyu, is the level of liquid subcooling. 
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Data Comparison 

Table 1 shows how the critical flow model predicted other experimental data. It also compares the 

predictions of the NIST model with experimental data. 

The model worked well for CFC and HCFC products. It did not perform well for water. Therefore 

the model is not a truly physically realistic model. 

Recommendations for Further Study 

A three-stage project is proposed to further develop the critical flow model and to fully understand 

the flow phenomena through short tube restrictors. 

First stage. Make the existing model easier to use by obtaining a closed form solution. A simple 

equation of state and the Clapyron equation might be incorporated to develop an expression to 

relate G’ and P*. This expression could then be differentiated to maximize G’ 

Second stage. Develop a critical flow model using the two-phase separate flow theory. This model 

will include vapor flow, which was neglected in the present work. The primary task should be to 

further reduce empiricism and to make the model more realistic. This model would then be able 

to predict the exit pressure drop, soft choke, and water flowrate. 

Final stage. More experimental work is required to fully understand the flow phenomena and to 

verify the analytical and numerical models. 
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Table 1. Data Comparison 

  

  

  

  

  

  

  

  
  

  

Flow Model Data Set Maximum Standard Within 5 % 

Error Deviation 

The NIST non- 8 % 3.30 % 91 % 

Critical © chamfered [4] 

Flow Model 
“ Pasqua [16] 3 % 0.87 % 100 $ 

Domingorena 8 % 4.51 % 81 % 

and Ball [14] 

Mei [15] 13 % 14.9 % 68 % 

Bailey [4] 68.5 % 62.3 % 0 % 

NIST Semi- NIST non- 11 % 4.5 % 68 % 

empirical chamfered [4] 

Flo del 
w moce | pomingorena 8 § 5.56 % 85 % 

and Ball [14] 

Mei [15] 50 % 19.74 % 2%           Bailey’s and Pasqua’s data were not compared 

uSing this model since it is only valid for R-22.     
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Appendix A. Previous Work on Flashing Flow 

Flashing flow has been studied since turn of the century. There are many more published works 

than those discussed in chapter 2. Following is a list of additional papers reviewed for this project. 

e Pasqua [16] (1953) discussed the flow of saturated and subcooled liquid refrigerant 12 (R-12) 

through small diameter orifices, short tubes, and nozzles. Experimental data confirmed the es- 

tablishment of a metastable state of fluid flow which accounts for the large discrepancies found 

from a thermal equilibrium analysis. A semi-empirical method was given for predicting 

flowrates under adiabatic conditions. 

Starkman, et al [17] (1964) presented three models for the expansion of low quality water in 

a converging-diverging nozzle. These were the HEM model, frozen composition flow model, 

and slip flow model. Experimental work was done to verify these models. Agreement between 

models and experiment was not very good. 

Henry and Fauske [18] (1971) developed and presented a theoretical model based on stag- 

nation and geometric conditions of the expansion device. Comparisons between the model 

and available experiment data, which included some water and nitrogen, showed good agree- 

ment. 

Appendix A. Previous Work on Flashing Flow 81



e Alamgir, et al [19] (1981) developed a model for the pressure under-shoot (drop below satu- 

ration pressure) during rapid depressurization of water. This was a function of the initial water 

temperature and the rate of depressurization. The classical theory of nucleation and exper- 

imental observations and data were used in the formulation of the model. No experiments were 

performed but the model agreed well with other experimental data. 

¢ Mei [20] (1982) tested five short tube refrigerant expansion devices, with L/D ratios from 7.5 

to 11.9, on a three-ton air-to-air split heat pump. Test results showed that the level of sub- 

cooling and the pressure differential across the short tube were the two major factors affecting 

the flow characteristics. The study was limited to R-22 and flow model was based on an 

orifice-type equation. 

e Abuaf, et al [21] (1983), after examining large numbers of experimental data on flashing flows 

in converging and converging-diverging nozzles, realized that the knowledge of the flashing 

inception point is the key to the prediction of critical flowrates. A correlation was developed 

to predict flashing inception in both pipes and nozzles. It was also assumed that the point of 

inception would be near the throat. The developed model matched fairly well against available 

experimental data. 

e Fincke [22] (1984) presented a model to predict the flow of initially subcooled water in a 

converging-diverging nozzle. This was based on experimental observations of a core-annulus 

type flow pattern. A separated flow model was developed and solved to obtain the pressure 

and velocity of each phase. The model was found to correlate well with experimental data. 

e Shin and Jones [23] (1988) developed a model for wall nucleation for an initially subcooled 

liquid undergoing critical flow. This model was based on heat conduction from the liquid phase 

to the vapor phase. 
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e Leung and Grolmes [28] (1988), presented a generalized correlation for flashing choked flow 

of an initially subcooled liquid. The model was based on the following assumptions: isentropic 

flow, thermal equilibrium, and equal phase velocities when saturation is reached. 
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Appendix B. Constant Area Expansion. 

In this model, it was assumed that the exit pressure drop can be described as metastable fluid ex- 

panding to homogeneous equilibrium (HEM) two-phase fluid in a constant area section. 

Figure 31 shows the control volume. At station 2 the fluid is in a metastable state: P2 is less than 

Psat but the fluid remains liquid. A non-choked pressure for station 2 was obtained from Fincke’s 

model. Station 3 is on the exit plane where the pressure is equal to the downstream pressure and 

the fluid is a HEM two-phase fluid. 

The conservation equations, in the integral form, were applied to the control volume. 

Conservation of mass; 

¥, _ V; == (B.1) 

Conservation of momentum; 

v2 ay) », wher, 0 2 V2 3 V3 . 
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Figure 31. Control Volume for Constant Area Expansion 
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Conservation of energy; 

Vi _,  V ly thy + (B.3) 

The known properties are P2, P3, and the thermodynamic properties at 2. The metastable state 

temperature was obtained by applying the energy equation between station 1, stagnation point, and 

station 2. The specific volume of the metastable liquid was assumed to be same as for saturated 

liquid. Since the flow is HEM two-phase at 3, thermodynamic properties, v, hk, and s can be defined 

as following: 

¥3 = V3 + X3Vf93 

hy = hy + X3hyp3 

53 Spa + X3%g3 

where x; is the flow quality at station 3. 

Initially, equation (B.1) was solved for V; and it was substituted into equations (B.2) and (B.3). 

For any given P3, the unknowns were x; and Vs. Therefore, equations (B.2) and (B.3) were solved 

for V; and were set equal to one another. By doing this following expression was obtained for the 

flow quality, x3. 

2(hy — hy) — (Pz — P3) (vn + w) 
  

  

x3 = (B.4) 
3 Vpp(P2 — P3) + 2h 

Now using the above x; equation (B.3) was solved for Vs. 

=  203((A, — Ap) — Xx3hp) "2 
V3 = { 2 2 } (B.5) 

(v3 — v2) 

and the mass flux 
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M=— (B.6) 

For metastable state at 2 (P2 less than Psa) and HEM state at 3, Figure 32 shows the mass flowrate 

versus pressure differential across the control volume. Surprisingly, it was observed that the mass 

flowrate decreased with an increase in pressure differential. Figure 33 shows the entropy change 

versus pressure differential across the control volume. The entropy change was negative which 

makes the process physically impossible. Since the pressure at 3 was always less than the pressure 

at 2 in experimental data, analysis of a pressure rise across the control volume was not thoroughly 

pursued. 

In conclusion one can say that a metastable fluid cannot expand to a HEM, two-phase, fluid in a 

constant area section. For this to happen the pressure has to increase, this was not observed in the 

tube. The conversion does not happen in the tube, rather at or after the exit plane. 
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Appendix C. Isentropic Expansion Through a 

Variable Area Section. 

In order to increase our understanding about two-phase flow through variable area sections, in this 

phase it was assumed that the exit pressure drop can be modeled as saturated fluid expanding 

isentropically to HEM two-phase fluid through a variable area section, similar to a diverging nozzle. 

The continuity and energy equations were applied to the control volume shown in Figure 34 and 

the second law of thermodynamics was used to obtain the flow quality at 3, x3. 

Conservation of mass; 

    

AyVy _ A3V3 55 = 5 (C.1) 

Conservation of energy; 

—5 4 

Vy, , V3 C2 nt Zook + 5 oo 

Second law; 
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Sy = Sp + X35 (C.3) 

Equations (C.1) and (C.2) were solved to get an expression for Vs. Flow quality at 3 was obtained 

from equation (C.3). 

— Ah, - hy) _'? 
7,=,— =) *) J (C.4) 

,— 42 be? 
A, %3 

Equation (C.4) was solved for V; for different a ratios, by decreasing the pressure at 3. 
2 

Figure 35 shows the results of the above calculations on a pressure differential versus a plot. 
2 

Three different regions were noted: 

1. ”* Impossible without shock ”. In this area the velocities were imaginary. For expansions to 

occur in this region the two-phase equivalent of a normal shock has to exist inside the nozzle. 

2. ” Shock at the exit ”. In this area the velocities were real. This section can be explained as a 

supersonic nozzle with two-phase equivalent normal shocks at the exit plane. 

3. ” Subsonic ”. In this section the velocities were real and the pressure increased across the 

control volume. This was similar to a single-phase subsonic diffuser. 

Form experimental observations it can be concluded that the expansion occurred in the ” Shock 

at the exit ” region. This study did not predict the exit pressure drop, but it showed that some shock 

phenomenon can be used to explain the pressure drop. 
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Appendix D. Expansion Through a Variable Area 

Section. 

In this model, it was assumed that the exit pressure drop can be modeled as a metastable fluid core 

expanding to a homogeneous equilibrium two-phase fluid through a known area change, similar to 

a diverging nozzle. 

The control volume is shown in Figure 36. At station 2 effects of P, and P; were incorporated to 

the momentum equation, as described by Taylor and Hewitt [27]. It was assumed that at 2,P2 over 

the flow area, but P; on the wall. This could be produced by expansion shocks at 2 and by their 

reflecting waves, but it seems unlikely. This idea was tested, however, because Taylor and Hewitt 

[27] found it effective in some situations. P,; was obtained from Fincke’s model for a non-choked 

condition, and the metastable condition was as for station 2 in appendix B. At 3 the fluid was a 

HEM two-phase mixture. The continuity, momentum, and energy equations were applied to the 

control volume. 

Conservation of mass; 
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AV, _ A; V; 

    

YW; (D.1) 

Conservation of momentum; 

V3.4, ViA, 
PA, + P3(A3 _ Ay) + > = P3A; + V3 (D.2) 

conservation of energy; 

V3 V3 
hy + a =h, + W (D.3) 

By combining the above three equations, using a procedure similar to that in appendix B, the fol- 

lowing expression for x; was obtained. 

2A (hy — hy) -— Py - P53) + A,V) 
  

  

x3= DA ; (2Ajhgg + (Py — Pa%m) e 

Using x3, equation (D.3) was solved for exit velocity, V3. 

1/2 
— (Ay — Ay) — xghyy V3=[2 2 1 (D.5) 

[1 - A(s>)] 

where 

A 
A= 

2 

and the mass flowrate; 

| VAs 
M= yy (D.6) 
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Equation (D.5) was solved for V; ( and M), using a known 4,, by decreasing P;. The upstream 

conditions were obtained from Fincke’s model. Figure 37 shows the mass flowrate versus pressure 

differential across the control volume for different Area Ratios, A,. The Figure 37 shows that an 

increase in A, results in an increase in the flowrate. Unlike the constant area analysis, this model 

showed an increase in entropy. 

No choking was predicted and the model overpredicted the flowrate. The assumption of P3 acting 

on the wall at 2 could contribute to this error. 
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Appendix E. Fortran Code to Obtain the Critical 

Flowrate 

The thermodynamic properties were obtained by using the NIST refprop subroutines. These were 

developed by McLinden and Gallager [29]. following is a listing of an example code to obtain the 

critical mass flowrate using the critical flow model. For non-refrigerants, the only difference would 

be the methods of calculating thermodynamic properties. 

IMPLICIT REAL*8(A-H,0-Z) 

CHARACTER*4 REF 
REF = 'RR22' 

CALL RINIT(REF , IERR) 

C *eee Upstream Properties **rkkerk 

PO = 

Tsub 
E = 

TSAT 

TO 

PSAT 

RO = 

HO = 

290.d0 

= 25.d0 

-(1.9 e-6)*Tsub + 7.65e-5 
T20FP(REF, PO) 

TSAT - TSUB 

P20FT(REF, TO) 

.DO/VFOFT(REF , TO) 

HFOFT(REF,TO) + VFOFT(CREF,T0O)*(PO-PSAT)*.1827D0 

me 
i 

ott 
oil 

PIT = 3.1415926D0 
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XL = .0123D0 
XD = .0034D0 
A2 = PII*(XD*XD)/4.D0 
XMO = 0.D0 
XMI = 777. 

Criekeeee DECREASE P2 TO CALC MAX MASS FLOW tiedededrteierere 

DO 99 P2 = P0-1.D0, 25.D0, -.5D0 

T2 = T20FP(REF, P2) 
RL = 1.D0/(VFOFT(REF,T2)) 
RG = 1.D0/(VGOFT(REF,T2)) 
HF = HFOFT(REF,T2) 
HFG = HFGOFT(REF,T2) 
V2 = VFOFT(REF,T2) 

Creek THE CRITICAL FLOW MODEL witieieireideiiciideidetieiik 

XNF = (2.D0*(PO-P2)*RL*144.D0*32.2D0)**. 5D0 
DNT = (HO-HF)/HFG 
DLX = (2.D0*XL/XD) 
DRT = (RL/RG) 
XDF = 1.D0 + DRI*DNT*E*4. DO*DLX*14. 786 
XMF = (.62D0*XNF/XDF)*A2*3600.D0 

Cuwerere CHECK FOR MAX MASS FLOW statidididieeiecincidiviviciiciciick 

IF ( XMF .LT. XMO) THEN 

DELTA = ((XMF-XME) /XME)*100.D0 

WRITE(10,2)P2,XME, XMF, DELTA, DNT, PO, TSUB, 
& XLL/XDI 

GOTO 999 
ELSE 
XMO = XMF 
GOTO 99 
ENDIF 

99 CONTINUE 
999 CONTINUE 
2 FORMAT(1X,F6.2,1X,F8.2,1X,F6.2,1X,F6.2,1X,F10.5,1X,F10.4, 

& 1X,F6.2,2X,F6.2,1X,F8.5,1X,F8.5) 
END 
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