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ABSTRACT

Using the current BTeV pixel detector station design, which is optimized for a water-glycol mixture, the performance and system issues of two-phase coolants are analyzed.  

Butane and R134a both have excellent heat transfer characteristics in this application with butane clearly out performing the water-glycol mixture.  The pressure drop required by butane or R134a is negligible, and a butane system would operate at a third of the pressure required by R134a.  The small pressure drop of both coolants and low operating pressure associated with butane could lead to beneficial system mass reductions.  Despite their excellent heat transfer performance, each coolant has issues that should be investigated further.  R134a compatibility with beryllium is unknown according to its manufacturers and corrosion tests would need to be conducted.  Butane is a flammable gas, which would add to the complication of a two-phase cooling system and it has a large radiation length.  

INTRODUCTION

This study investigates alternative fluids for cooling the BTeV pixel detectors and continues work performed by Greg Derylo [1].  Derylo investigated an earlier serpentine cooling channel design using R134a, C3F8, and R124.  He found that R134a had the best pressure drop and heat transfer performance.  The current design utilizes a water-glycol mixture (40% by weight in water).  Since Derylo performed his calculations, the geometry (optimized for water-glycol) has changed substantially.  In the new geometry, the refrigerants R134a and butane are evaluated against water-glycol.  R134a was again evaluated due to its success in Derylo’s study while butane was considered to provide an alternative to R134a due to material compatibility concerns.  

The current design consists of two thin rectangular machined pieces of beryllium bonded together to form a flow cavity [2].  The heat generating silicon is bonded to both of the external sides.  The cavity is lined with longitudinal structural ribs that divide the flow into separate channels.  Each channel has a large aspect ratio rectangular cross-section measuring 9.53 x 0.5 mm.  Four channels run for the majority of the detector station length (110 mm), while a 5th runs for approximately half the length.  Based upon data from CM Lei [3], the heat load is assumed to be 0.5 W cm-2.  This led to a total heat load of 60 W per pixel station, or 13.33 W per channel.  To simplify the work, only one 110 x 9.53 x 0.5 mm channel was considered.  All coolants were evaluated using an inlet temperature of –15 oC and assumed to be in a vertical upflow configuration.

RESULTS AND DISCUSSION

The primary heat transfer results of interest are tabulated in Table 1.  The solution method was based upon the homogenous two-phase flow model and is outlined in the Appendix. The method is similar to that performed by Derylo.  Table A.1, also found in the Appendix, contains numerous additional results.  The baseline refrigerant case considers a saturated liquid entering the channel and exiting with a quality of 0.5.  The effect of other inlet and exit qualities on the performance of butane is also tabulated and the trends are similar for R134a.  The constant fTP and mixture-viscosity methods are also compared.  It is interesting to note that for R134a the mixture-viscosity method results in a larger pressure drop, while for butane mixture-viscosity results in a smaller pressure drop when compared to the respective constant fTP cases.  The effect of channel height on butane performance is also tabulated.  Figure 1 plots the axial pressure distribution for several butane cases.  This plot shows the difference between the mixture-viscosity method and using a constant fTP at 0.5 mm spacing, and the effect of wider gaps.  The result here is straightforward as wider gaps reduce velocity and the associated frictional pressure drop.

Due to the small heat load of 0.5 W cm-2, evaporating a saturated refrigerant leads to much lower mass flow rates than single phase cooling with water-glycol or FC-72.  The pressure drop using a refrigerant is minimal due to the small mass flow rate which results in negligible frictional losses.  Due to the efficiency of the refrigerants, changes could be made to the flow channel to optimize it for cost and structural considerations, while still preserving adequate heat transfer and excellent pressure drop characteristics.  Pressure drops with the previous serpentine channel were much larger due to a much smaller flow area and longer flow length.  FC-72 was considered because it would avoid the complication of a two-phase cooling system while posing no risk to electronics because it is a very strong dielectric.  However, its poor cooling performance and large pressure drop will preclude it from any further discussion.

The average convective coefficient for R134a is about half that of water-glycol leading to twice the wall to fluid temperature gradient.  Butane can achieve a convective coefficient twice that of water with a smaller wall to fluid gradient.  The use of refrigerants also leads to very small axial temperature gradients, which will help reduce the thermal distortion of the station holding the detectors.  Figure 2 plots the convective coefficient for the baseline R134a and butane cases as a function of axial position.  This plot makes it clear that at these conditions, butane is a better coolant than R134a.  The heat transfer coefficient increases in the streamwise direction with increasing quality.  Figure 3 is a companion plot to Figure 2, plotting the wall to fluid temperature gradient for the baseline cases.  Butane has a wall to fluid gradient of less than 2 oC at all locations which is better than what is estimated for water-glycol.  

Figures 4 and 5 show the effects of inlet/outlet quality.  Raising the inlet quality increases the heat transfer coefficient substantially and decreases the wall to fluid temperature gradient.  Increasing the exit quality has the same effect but to a much smaller degree.  
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Table 1:  Key study heat transfer results.

Choosing a coolant for BTeV is dependent on many factors beyond pure heat transfer and fluid dynamics considerations.  Based on heat transfer alone, butane would be the best choice for the BTeV coolant because of its large convective coefficient and small axial wall temperature variation.  The small axial temperature variation reduces structural thermal distortions compared to R134a.  When pressure drop is considered, both refrigerants outperform water-glycol by an order of magnitude.    

The radiation lengths for water-glycol, liquid R134a, and liquid butane are 35.2, 26.5, and 72.6 cm respectively at –15oC.  The butane radiation length is largest (and most desirable) due to its low density.  However, as the refrigerants evaporate, the average density of the flow drops dramatically leading to a large increase in radiation length.  Liquid R134a enters with a radiation length of 26.5 cm but at 0.5 quality exits with a radiation length of over 2,000 cm due to the large void fraction.  Because the vapor quickly displaces significant amounts of liquid in the channel, the average radiation length for R134a in the channel is about 1,025 cm.  The average radiation length of butane is even better at 5,359 cm for a saturated liquid inlet and 0.5 quality outlet flow.  

Fluid compatibility with beryllium and the epoxy that binds the beryllium pieces together is not clear.  Several discussions with technical representatives in the refrigeration industry led to the conclusion that no experiences with refrigerants in contact with beryllium are on record.  A chemist at Dupont thought that there would be no problem, but that a corrosion test should be performed to make sure.  All other sources recommended against the material combination based upon no relevant experience.  Butane poses no compatibility problems with beryllium.  There is very little information in the open literature concerning Be corrosion.  Most corrosion investigations were commissioned by the defense department concerning the long term storage of the nuclear stockpile.    

Under ambient conditions, a beryllium oxide layer naturally forms on beryllium surfaces.  The protective oxide layer must be breached for corrosion to occur which makes beryllium corrosion resistant in many environments.  The mechanisms that lead to oxide layer penetration and subsequent corrosion are not well understood.  A study entitled Beryllium Corrosion Considerations for the Silicon Detector Bulkheads in the Collision Hall Setup was performed for Fermilab by Packer Engineering (~$15,000) [4].  This study considered contact between Be and a mixture of 30% glycol in water.  Effects of stainless steel piping, brass fittings, and aluminum system components on corrosion were also investigated.  One of the key findings of this study was that the coolant pH should be 6.0 or higher such that monitoring the coolant conductivity would be the most important corrosion control measure.  It was also determined that chlorides encourage Be corrosion and need to be avoided.  Chloride leaching from plastic piping and finger prints from component assembly could contaminate the system and lead to increased corrosion rates.  For R134a, a very basic submersion corrosion study should be initially performed to see if the materials are compatible in a basic sense as this could be the first time anyone has brought them into contact.  This test should be fairly inexpensive, probably around $1,500.  If no significant reaction occurs, a more comprehensive corrosion test similar to that performed on water-glycol should be conducted.  Several companies have expressed interested in carrying out such studies.  The expense of the literature search ($2,000) can be deducted from the water-glycol study because its doubtful any more pertinent literature exists.    

Currently the beryllium is bonded using Eccobond 285 with catalyst 23 LV, a product of the Emerson & Cumming Corporation.  Technical support at this company suggested switching to catalyst 11 which requires a heat cure if butane or R134a is chosen.  

Both butane and R134a could be used to lower the operating temperature of the detectors below –15 oC if needed.  Butane could be used to at least –25 oC and R134a could go even lower to –45 oC.    

In the event of a butane or R134a leak near the detectors, the electronics would not be harmed due to both fluid’s dielectric nature.  A water-glycol leak could easily damage sensitive electronics.  Since the detectors will be operating in a very high vacuum, leaks of R134a and butane would be much easier to evacuate because they have a much higher vapor pressure than water-glycol.   However, as Derylo noted, there may have to be a venting system for the cooling channels so that the vessels don’t have to withstand the room temperature saturation pressure of the refrigerants.  At 20 oC, R134a has a saturation pressure of 5.72 bar (82.7 psia) whereas butane has a much smaller saturation pressure of 2.08 bar (30.2 psia).  

Butane has the added liability of being a flammable gas.  A very rough preliminary estimate indicated that 13 kg of butane would be a reasonable amount for a refrigeration system, considering piping to and from the detector, supply manifolds, and the 60 detector stations themselves.  If the obvious ignition sources were at a safe distance this would allow the system to be classified as Risk Class I.

The current cooling channel design has multiple staggered short ribs for heat transfer enhancement.  This added machining complication could be removed if a two-phase coolant were chosen.  Using the current channel design, the epoxy bond strength has a factor of safety of 25 for R134a and 72 for butane at their respective operating pressures.   

CONCLUSIONS 

· Both butane and R134a would experience negligible pressure drops in this application leading to the possibility of mass reduction (smaller pipes) in the experiment compared to water-glycol.

· The heat transfer performance of butane is clearly superior to that of water-glycol, while R134a under performs water-glycol but is still quite satisfactory.

· The average radiation length of the refrigerants could be 40 to 200 times that of water-glycol depending on the inlet and exit quality.

· Smaller axial temperature variation of butane would lead to less thermal distortion that could effect sensor position.

· The operating pressure of a butane system would be 1/3rd that of an R134a system and the R134a room temperature saturation pressure is 3 times that of butane.

· The pixel detector operating temperature could be significantly lowered with either butane or R134a if the need arose.  

· Due to the beryllium supporting precision sensors, any vibrations due to vapor generation should be quantified.  

RECOMMENDATIONS

· Perform basic (low cost) submersion corrosion test with R134a and beryllium to check basic compatibility.

· If initial R134a and beryllium compatibility is satisfactory, perform more extensive test that considers system issues similar to that performed for water-glycol by Packer Engineering.

· In parallel to corrosion investigate radiation hardness of refrigerants

· Based upon these compatibility tests and the various previously discussed issues choose between refrigerants and water-glycol for BTeV coolant.
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APPENDIX

MODELING
Several refrigerants were evaluated utilizing the water-glycol optimized geometry.  In the two-phase flow literature, most models/correlations are developed for water flow in tubes.  Applying these models to a large aspect ratio rectangular cross-section will lead to increased error, but should capture the 1st order effects.  The narrow rectangular gap leads to increased surface forces and frictional pressure drop [5].  To make the analysis feasible, the homogeneous model was chosen.  This model assumes that the two-phases flow as a single phase with mean fluid properties [6,7].  Applying the model leads to several simplifying assumptions:

1) Equal vapor and liquid velocities

2) Pressure is uniform over the entire flow area

3) Properties are uniform across the area occupied by each phase

4) Use of a modified single-phase friction factor for two-phase flow

5) Kinetic energy effects are small compared to latent heat exchange

6) Compressibility and flashing effects are negligible

7) Fluid enters as a saturated liquid at the inlet.

An estimate for the mass flow rate required to remove the heat applied to the flow channel can be calculated as follows
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(1)

The total pressure gradient for a channel with constant flow area can be expressed as
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where
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energy to be removed by flow boiling (W)

W
mass flow rate (kg s-1)

x
flow quality which is equal to the thermodynamic equilibrium quality xe in the saturated region

h
enthalpy (J kg-1)

Df
 hydraulic equivalent diameter (m)

Ac 
flow cross-sectional area (m2)

P 
flow channel perimeter (m)

fTP
two-phase friction factor  
v
specific volume (m3 kg-1)

f,g,or fg denotes liquid, gas, or difference between the phase values of a particular property

q
applied heat flux (W cm-2)

z
axial coordinate (m)

G
mass velocity (kg s-1 m-2)

g
gravitational constant (m s-2)

(
flow orientation angle relative to gravity vector.

The two-phase friction factor was chosen to be fTP=0.005 based upon agreement in the literature with R-113 two-phase pressure drop experimental data [8].  Equation (2) was solved by dividing the length of the flow channel into several smaller segments.  For each segment the pressure drop was calculated by integrating (2).  This allowed for property variation in the axial direction which can be significant in two-phase flow. The fluid property values are dependent on the local bulk fluid temperature which is in turn dependent upon the local pressure in a saturated flow.  Properties were calculated using the pressure in the previous streamwise segment.  

The constant two-phase friction factor may be a weakness in these calculations because it is not available in the literature for the extreme geometry and fluid combinations of interest.  To investigate this possibility, the frictional pressure drop was calculated a second time using the mixture-viscosity method.  Which ever method yielded the larger pressure drop would be used so that the analysis is conservative.  The mixture-viscosity method replaces the first term on the right hand side of (2) which represents the frictional pressure drop with
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with

ffo
liquid only friction factor

c
constant equal to 16 for laminar flow

n
constant equal to 1 for laminar flow
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Equation (5) was solved in conjunction with the accelerational and gravitational components of (2) for the total pressure drop.  Due to the dependence of x on z, the integrals were evaluated numerically.  Once the pressure drop was known as a function of axial location, the wall temperature and convective coefficient were estimated using Chen’s correlation [9].  This correlation has been used extensively in practice for a wide variety of fluids and operating conditions with remarkable results.  Although this empirical correlation is very complex, the calculations are quite straightforward.

Chen’s Correlation for Forced Convective Boiling:
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with

Xtt
lockhart-Martinelli parameter

(
fluid density (kg m-3)

F
Reynolds number factor

ReTP
local two-phase Reynolds number


S
suppression factor

hNB
nucleate boiling heat transfer coefficient

k
thermal conductivity (W m-1 K-1)

cp
specific heat (J kg-1 K-1)

(
surface tension (N m-1)

hFC
forced convection heat transfer coefficient (W m-2 K-1)

Pr
Prandtl number
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_1060519799.unknown

_1060606741.unknown

_1060607735.unknown

_1060608755.unknown

_1060608950.unknown

_1060669211.unknown

_1061360004.xls
htp comparison

		0.0055		0.0055		0.055

		0.011		0.011

		0.0165		0.0165

		0.022		0.022

		0.0275		0.0275

		0.033		0.033

		0.0385		0.0385

		0.044		0.044

		0.0495		0.0495

		0.055		0.055

		0.0605		0.0605

		0.066		0.066

		0.0715		0.0715

		0.077		0.077

		0.0825		0.0825

		0.088		0.088

		0.0935		0.0935

		0.099		0.099

		0.1045		0.1045

		0.11		0.11



htp R134a constant ftp o.5 mm

htp butane constant ftp 0.5 mm

h_bar H2O 0.5 mm CM LEI

Axial distance from inlet (m)

h (W/m^2)

Convective Coefficient
Current Geometry (4.5 rectangular 9.525 mm x 0.5 mm channels)
For R134a and butane, xin = 0, xout = 0.5

863.1759488214

2411.6879718135

2245.6

903.9205611078

2510.91066609

942.2726102341

2600.9305515734

979.884590509

2686.7429211991

1017.5654644603

2770.8348154694

1055.7883153722

2854.5170625555

1094.9067691938

2938.8847062866

1135.2366635046

3024.6331918106

1177.0110782113

3112.3819603357

1220.5524811251

3202.7948157031

1266.0719913446

3296.3383121113

1313.8091106806

3393.6067949874

1364.1099583913

3495.1650912127

1417.2713460915

3601.6820019644

1473.5958660855

3713.7218165803

1533.4902141024

3832.1073896466

1597.4212481509

3957.6759710934

1665.8966844319

4091.3800671904

1739.481688422

4234.2362048048

1818.8735101537

4387.6878084688



P comparison

		0.0055		0.0055

		0.011		0.011

		0.0165		0.0165

		0.022		0.022

		0.0275		0.0275

		0.033		0.033

		0.0385		0.0385

		0.044		0.044

		0.0495		0.0495

		0.055		0.055

		0.0605		0.0605

		0.066		0.066

		0.0715		0.0715

		0.077		0.077

		0.0825		0.0825

		0.088		0.088

		0.0935		0.0935

		0.099		0.099

		0.1045		0.1045

		0.11		0.11



R134a Constant ftp

Butane constant ftp

Axial distance from inlet (m)

Pressure (N/m^2)

Axial Pressure Distribution

163906.841513731

56411.0288078851

163892.740977365

56405.5743531725

163882.982295396

56401.0079317976

163875.158829354

56396.739389759

163868.406767182

56392.5720626961

163862.316017606

56388.4158560814

163856.659322405

56384.2218997316

163851.297505732

56379.9606889012

163846.139119124

56375.6130313392

163841.120839892

56371.1657347861

163836.197001835

56366.609336648

163831.333585082

56361.9368151261

163826.504563819

56357.1428129428

163821.68958216

56352.2231469507

163816.872417702

56347.174485907

163812.039932629

56341.9941316311

163807.181337758

56336.6798661316

163802.287663757

56331.2298421889

163797.351373277

56325.6425033655

163792.366071191

56319.9165244274



tw comparison

		0.0055		0.0055		0.055

		0.011		0.011

		0.0165		0.0165

		0.022		0.022

		0.0275		0.0275

		0.033		0.033

		0.0385		0.0385

		0.044		0.044

		0.0495		0.0495

		0.055		0.055

		0.0605		0.0605

		0.066		0.066

		0.0715		0.0715

		0.077		0.077

		0.0825		0.0825

		0.088		0.088

		0.0935		0.0935

		0.099		0.099

		0.1045		0.1045

		0.11		0.11



R134a constant ftp

Butane constant ftp

H2O (CM Lei)

Axial distance from inlet  (m)

Tw - Tf (C)

Wall to Fluid Temperature Difference
Current Geometry (4.5 rectangular 9.525 mm x 0.5 mm channels)
For R134a and butane, xin = 0, xout = 0.5

5.7928667887

2.0732569822

2.226576

5.5322124657

1.9913387405

5.3069109045

1.9224689935

5.1030715227

1.860994988

4.9142034626

1.8046194749

4.7363580968

1.7516093277

4.5670637457

1.7013950367

4.4048376922

1.6531930949

4.2481912636

1.6065134421

4.0968322882

1.561262536

3.9496664035

1.5169448121

3.8058978042

1.4734634503

3.6656296966

1.4306208097

3.5283645865

1.3884186902

3.3934044699

1.3464584976

3.2606509627

1.3048413517

3.1301053912

1.2634681602

3.0015688581

1.2222396698

2.87464229

1.1808565032

2.7492264729

1.1396191855



Tw-Tf

		0.0055		0.0055		0.0055		0.0055		0.0055		0.0055		0.055		0.055		0.055

		0.011		0.011		0.011		0.011		0.011		0.011

		0.0165		0.0165		0.0165		0.0165		0.0165		0.0165

		0.022		0.022		0.022		0.022		0.022		0.022

		0.0275		0.0275		0.0275		0.0275		0.0275		0.0275

		0.033		0.033		0.033		0.033		0.033		0.033

		0.0385		0.0385		0.0385		0.0385		0.0385		0.0385

		0.044		0.044		0.044		0.044		0.044		0.044

		0.0495		0.0495		0.0495		0.0495		0.0495		0.0495

		0.055		0.055		0.055		0.055		0.055		0.055

		0.0605		0.0605		0.0605		0.0605		0.0605		0.0605

		0.066		0.066		0.066		0.066		0.066		0.066

		0.0715		0.0715		0.0715		0.0715		0.0715		0.0715

		0.077		0.077		0.077		0.077		0.077		0.077

		0.0825		0.0825		0.0825		0.0825		0.0825		0.0825

		0.088		0.088		0.088		0.088		0.088		0.088

		0.0935		0.0935		0.0935		0.0935		0.0935		0.0935

		0.099		0.099		0.099		0.099		0.099		0.099

		0.1045		0.1045		0.1045		0.1045		0.1045		0.1045

		0.11		0.11		0.11		0.11		0.11		0.11



R134a constant ftp 2 mm

R 134a constant ftp 1 mm

R134a Constant ftp 0.5 mm

Butane constant ftp 2 mm

Butane constant ftp 1 mm

Butane constant ftp 0.5 mm

H2O 0.5 mm

H20 1 mm

H20 2 mm

Axial distance from inlet (m)

Tw - Tf (C)

Channel Height Effect on Tw-Tf
Current Geometry (4.5 rectangular 9.525 mm x X.X mm channels)
For R134a and butane, xin = 0, xout = 0.5

6.3427058207

6.168847002

5.7928667887

2.2307569822

2.1762569822

2.0732569822

2.226576

3.711401

5.943007

6.269158732

6.0385741066

5.5322124657

2.2096211313

2.1327905461

1.9913387405

6.2041392195

5.9236910016

5.3069109045

2.1913849428

2.0952298527

1.9224689935

6.1426605792

5.8165303041

5.1030715227

2.1742957861

2.0607222297

1.860994988

6.0834335284

5.7152107356

4.9142034626

2.1580564248

2.0283704337

1.8046194749

6.0259102289

5.6177885034

4.7363580968

2.142033731

1.9969413341

1.7516093277

5.9688194521

5.5227947034

4.5670637457

2.1261581887

1.9664654138

1.7013950367

5.9121787624

5.429248357

4.4048376922

2.1101462823

1.9362591569

1.6531930949

5.8549996737

5.3371619522

4.2481912636

2.0938079416

1.9062324929

1.6065134421

5.7982901448

5.2459441306

4.0968322882

2.0771496133

1.8761918685

1.561262536

5.7401559073

5.1549011209

3.9496664035

2.0600757209

1.8461417075

1.5169448121

5.681201226

5.0638375614

3.8058978042

2.0421994318

1.8157851774

1.4734634503

5.6210293604

4.972556999

3.6656296966

2.0238930918

1.7848246243

1.4306208097

5.5593428578

4.8808622069

3.5283645865

2.0047884871

1.7534618347

1.3884186902

5.4959437466

4.7881553946

3.3934044699

1.9847770088

1.7216982001

1.3464584976

5.4306336687

4.694938351

3.2606509627

1.963859762

1.689134826

1.3048413517

5.3633139714

4.6004125446

3.1301053912

1.9420376388

1.6557726048

1.2634681602

5.2930857742

4.504479196

3.0015688581

1.9190113698

1.6214122676

1.2222396698

5.2201500174

4.4072393306

2.87464229

1.8948815611

1.586254421

1.1808565032

5.1443074983

4.3079938181

2.7492264729

1.8690487209

1.5500995735

1.1396191855



butane P(z)

		0		0		0		0

		0.0055		0.0055		0.0055		0.0055

		0.011		0.011		0.011		0.011

		0.0165		0.0165		0.0165		0.0165

		0.022		0.022		0.022		0.022

		0.0275		0.0275		0.0275		0.0275

		0.033		0.033		0.033		0.033

		0.0385		0.0385		0.0385		0.0385

		0.044		0.044		0.044		0.044

		0.0495		0.0495		0.0495		0.0495

		0.055		0.055		0.055		0.055

		0.0605		0.0605		0.0605		0.0605

		0.066		0.066		0.066		0.066

		0.0715		0.0715		0.0715		0.0715

		0.077		0.077		0.077		0.077

		0.0825		0.0825		0.0825		0.0825

		0.088		0.088		0.088		0.088

		0.0935		0.0935		0.0935		0.0935

		0.099		0.099		0.099		0.099

		0.1045		0.1045		0.1045		0.1045

		0.11		0.11		0.11		0.11



Butane P(z) constant ftp 2 mm

Butane P(z) constant ftp 1mm

Butane P(z) constant ftp 0.5 mm

Butane P(z) mix-vis 0.5mm

Axial distance from inlet (m)

Pressure (N/m^2)

Butane Axial Pressure Values Depth Comparison
Current Geometry (4.5 rectangular 9.525 mm x X.X mm channels)
For R134a and butane, xin = 0, xout = 0.5

56422.848

56422.848

56422.848

56422.848

56414.2534930773

56413.2739897643

56411.0288078851

56419.2212601572

56411.7479986684

56410.045764078

56405.5743531725

56416.2359196349

56410.1575909558

56407.7913996486

56401.0079317976

56413.333731861

56408.9574965993

56405.9442582463

56396.739389759

56410.4545437382

56407.9741669271

56404.3160421181

56392.5720626961

56407.5783053187

56407.1283871941

56402.8206116639

56388.4158560814

56404.6958313622

56406.3772888271

56401.4112883903

56384.2218997316

56401.8021393354

56405.6950362086

56400.0599151575

56379.9606889012

56398.894221021

56405.0648495821

56398.7481923976

56375.6130313392

56395.9701196146

56404.475212109

56397.4635537822

56371.1657347861

56393.0284900833

56403.9178757999

56396.1969960377

56366.609336648

56390.0683677131

56403.3867306715

56394.941847398

56361.9368151261

56387.0890367127

56402.8771242229

56393.6930260809

56357.1428129428

56384.0899510742

56402.3854318271

56392.4465719674

56352.2231469507

56381.0706845785

56401.9087746053

56391.1993389407

56347.174485907

56378.0308979456

56401.4448279123

56389.9487859734

56341.9941316311

56374.9703165238

56400.9916876075

56388.6928312121

56336.6798661316

56371.8887147047

56400.5477743762

56387.429747555

56331.2298421889

56368.7859047685

56400.111763804

56386.1580863211

56325.6425033655

56365.6617287293

56399.682534311

56384.8766204053

56319.9165244274

56362.5160522612



R134a P(z)

		0		0		0		0

		0.0055		0.0055		0.0055		0.0055

		0.011		0.011		0.011		0.011

		0.0165		0.0165		0.0165		0.0165

		0.022		0.022		0.022		0.022

		0.0275		0.0275		0.0275		0.0275

		0.033		0.033		0.033		0.033

		0.0385		0.0385		0.0385		0.0385

		0.044		0.044		0.044		0.044

		0.0495		0.0495		0.0495		0.0495

		0.055		0.055		0.055		0.055

		0.0605		0.0605		0.0605		0.0605

		0.066		0.066		0.066		0.066

		0.0715		0.0715		0.0715		0.0715

		0.077		0.077		0.077		0.077

		0.0825		0.0825		0.0825		0.0825

		0.088		0.088		0.088		0.088

		0.0935		0.0935		0.0935		0.0935

		0.099		0.099		0.099		0.099

		0.1045		0.1045		0.1045		0.1045

		0.11		0.11		0.11		0.11



R134a P(z) constant ftp 2 mm

R134a P(z) constant ftp 1 mm

R134a P(z) constant ftp 0.5 mm

R134a P(z) mix-vis 0.5 mm

Axial distance from inlet (m)

Pressure (N/m^2)

R134a Axial Pressure Values
Current Geometry (4.5 rectangular 9.525 mm x X.X mm channels)
For R134a and butane, xin = 0, xout = 0.5

163940

163940

163940

163940

163910.675663202

163908.984166018

163906.841513731

163933.6524578

163899.784803601

163896.871825719

163892.740977365

163929.161341421

163892.90883259

163889.039416981

163882.982295396

163925.026653535

163887.850259362

163883.153917354

163875.158829354

163921.003130853

163883.832533881

163878.382635258

163868.406767182

163917.002703127

163880.489814049

163874.331354208

163862.316017606

163912.983557919

163877.620312291

163870.781986248

163856.659322405

163908.922521706

163875.100845816

163867.601127666

163851.297505732

163904.805400546

163872.850663404

163864.701198045

163846.139119124

163900.622866092

163870.813949471

163862.021593469

163841.120839892

163896.368457282

163868.950508902

163859.518631945

163836.197001835

163892.037513017

163867.23043253

163857.159786453

163831.333585082

163887.626559435

163865.630861764

163854.920182965

163826.504563819

163883.132937558

163864.133933082

163852.780373258

163821.68958216

163878.554566349

163862.72542096

163850.72486327

163816.872417702

163873.889786062

163861.393812506

163848.741108862

163812.039932629

163869.137251312

163860.129658803

163846.818811447

163807.181337758

163864.295856032

163858.925109248

163844.949412055

163802.287663757

163859.364679573

163857.773570236

163843.125720326

163797.351373277

163854.342947146

163856.669450349

163841.341637415

163792.366071191

163849.23000029



dp components

		0.0055		0.0055		0.0055

		0.011		0.011		0.011

		0.0165		0.0165		0.0165

		0.022		0.022		0.022

		0.0275		0.0275		0.0275

		0.033		0.033		0.033

		0.0385		0.0385		0.0385

		0.044		0.044		0.044

		0.0495		0.0495		0.0495

		0.055		0.055		0.055

		0.0605		0.0605		0.0605

		0.066		0.066		0.066

		0.0715		0.0715		0.0715

		0.077		0.077		0.077

		0.0825		0.0825		0.0825

		0.088		0.088		0.088

		0.0935		0.0935		0.0935

		0.099		0.099		0.099

		0.1045		0.1045		0.1045

		0.11		0.11		0.11



`

Butane constant ftp frictional dp

Butane accelerational dp

Butane gravitational dp

Axial distance from inlet (m)

Pressure Drop (N/m^2)

Pressure Drop Components
Current Geometry (4.5 rectangular 9.525 mm x 0.5 mm channels)
For R134a and butane, xin = 0, xout = 0.5

0.0929749147

2.5782052499

9.1480119504

0.2422632981

2.5786929349

2.6334984797

0.3915713981

2.5789180623

1.5959319144

0.540897772

2.5791065686

1.1485376981

0.6902430445

2.5792828042

0.8978012142

0.839607771

2.5794548853

0.7371439584

0.9889926858

2.5796265311

0.625337133

1.1383986332

2.5797997601

0.5430124371

1.2878265267

2.5799757919

0.4798552435

1.4372773258

2.5801554207

0.4298638065

1.5867520225

2.5803391933

0.3893069223

1.7362516319

2.5805275027

0.3557423872

1.8857771874

2.5807206411

0.3275043549

2.0353297356

2.5809188323

0.3034174242

2.1849103347

2.5811222517

0.2826284573

2.3345200517

2.5813310398

0.2645031844

2.4841599612

2.5815453107

0.2485602276

2.6338311443

2.5817651591

0.2344276392

2.7835346878

2.5819906645

0.2218134712

2.9332716833

2.5822218943

0.2104853604



x compare

		0		0		0		0

		0.0055		0.0055		0.0055		0.0055

		0.011		0.011		0.011		0.011

		0.0165		0.0165		0.0165		0.0165

		0.022		0.022		0.022		0.022

		0.0275		0.0275		0.0275		0.0275

		0.033		0.033		0.033		0.033

		0.0385		0.0385		0.0385		0.0385

		0.044		0.044		0.044		0.044

		0.0495		0.0495		0.0495		0.0495

		0.055		0.055		0.055		0.055

		0.0605		0.0605		0.0605		0.0605

		0.066		0.066		0.066		0.066

		0.0715		0.0715		0.0715		0.0715

		0.077		0.077		0.077		0.077

		0.0825		0.0825		0.0825		0.0825

		0.088		0.088		0.088		0.088

		0.0935		0.0935		0.0935		0.0935

		0.099		0.099		0.099		0.099

		0.1045		0.1045		0.1045		0.1045

		0.11		0.11		0.11		0.11



butane const. ftp x=0->0.25

butane const. Ftp x=0->0.5

butane const. Ftp x=0->0.75

butane const ftp x=0.25->0.5

Axial distance from inlet

Pressure (N/m^2)

Butane flow quality comparison
Current Geometry (4.5 rectangular 9.525 mm x 0.5 mm channels)

56422.848

56422.848

56422.848

56422.848

56404.0470620856

56411.0288078851

56413.9571427058

56409.879868795

56393.4949441082

56405.5743531725

56410.2761713379

56396.6232427629

56384.4710336115

56401.0079317976

56407.2187174673

56383.0769889395

56375.9724650899

56396.739389759

56404.368356197

56369.2400728048

56367.6463553977

56392.5720626961

56401.5890133547

56355.1115418334

56359.3267685287

56388.4158560814

56398.8189180532

56340.6905139425

56350.9222545691

56384.2218997316

56396.0247468564

56325.9761677973

56342.3769948419

56379.9606889012

56393.1864562692

56310.9677346259

56333.6543819011

56375.6130313392

56390.2910446136

56295.66449127

56324.7290872419

56371.1657347861

56387.3295946341

56280.0657542537

56315.5828418033

56366.609336648

56384.2957220642

56264.1708746945

56306.2020212743

56361.9368151261

56381.1846972713

56247.9792339188

56296.5761824153

56357.1428129428

56377.9929173766

56231.4902396646

56286.6971335704

56352.2231469507

56374.7175733718

56214.7033227821

56276.5583212486

56347.174485907

56371.3564317095

56197.6179343524

56266.154411973

56341.9941316311

56367.9076861544

56180.2335431645

56255.48099925

56336.6798661316

56364.3698544028

56162.5496334955

56244.5343932562

56331.2298421889

56360.7417041597

56144.5657031527

56233.3114667134

56325.6425033655

56357.022199139

56126.2812617404

56221.8095398475

56319.9165244274

56353.2104588745

56107.6958291199



bar

		butane 2mm		butane 2mm		butane 2mm

		r134a 2mm		r134a 2mm		r134a 2mm

		butane 1mm		butane 1mm		butane 1mm

		r134a 1mm		r134a 1mm		r134a 1mm

		butane 0.5 mm		butane 0.5 mm		butane 0.5 mm

		r134a 0.5 mm		r134a 0.5 mm		r134a 0.5 mm

		butane 0.5 mm mv		butane 0.5 mm mv		butane 0.5 mm mv

		r134a 0.5 mm mv		r134a 0.5 mm mv		r134a 0.5 mm mv



frictional

accelerational

gravitational

Pressure Drop (N/m^2)

Pressure Components

0.6231891498

3.7059569644

18.8363195749

0.4476444369

2.6231658333

80.2597393808

4.1626843921

13.5390781949

20.2696170077

2.9939226563

9.5826391145

86.0818008141

30.2483918104

51.6057004985

21.0773832637

21.7627552452

36.5135419752

89.3576315884

10.8728336803

51.6009608192

21.0779297548

63.5832698203

36.5167030779

89.3544306902



Tw-Tfx

		0.0055		0.0055		0.0055		0.0055		0.055

		0.011		0.011		0.011		0.011

		0.0165		0.0165		0.0165		0.0165

		0.022		0.022		0.022		0.022

		0.0275		0.0275		0.0275		0.0275

		0.033		0.033		0.033		0.033

		0.0385		0.0385		0.0385		0.0385

		0.044		0.044		0.044		0.044

		0.0495		0.0495		0.0495		0.0495

		0.055		0.055		0.055		0.055

		0.0605		0.0605		0.0605		0.0605

		0.066		0.066		0.066		0.066

		0.0715		0.0715		0.0715		0.0715

		0.077		0.077		0.077		0.077

		0.0825		0.0825		0.0825		0.0825

		0.088		0.088		0.088		0.088

		0.0935		0.0935		0.0935		0.0935

		0.099		0.099		0.099		0.099

		0.1045		0.1045		0.1045		0.1045

		0.11		0.11		0.11		0.11



butane x=0->0.25

butane x=0->0.5

butane x=0->0.75

butane x=0.25->0.5

H2O (CM LEI)

Axial Distance From Inlet

Tw-Tf (C)

Butane Wall Temperature Difference Quality Comparison
Current Geometry (4.5 rectangular 9.525 mm x 0.5 mm channels)

1.9980569822

2.0605169822

2.0852569822

1.1350569822

2.226576

1.9206792948

1.9793485618

2.0024613384

1.1140143819

1.856158031

1.9115600399

1.9323537063

1.0932894989

1.7998174861

1.8514115697

1.8690933279

1.072982843

1.7487642252

1.7965424019

1.8104490221

1.0531948854

1.7022413266

1.7455332696

1.7548759557

1.0336260654

1.6591160849

1.6976177034

1.7014991733

1.0145767951

1.6188256001

1.6519185221

1.649432187

0.9956474635

1.580892529

1.6079466939

1.5985831258

0.9771384393

1.5449317418

1.5657100066

1.5485572636

0.9590500744

1.5109535373

1.5248138161

1.4990582189

0.9410827056

1.4781653537

1.4851619665

1.4496885835

0.9236366573

1.4470727477

1.4463573127

1.4004502783

0.906312243

1.4168799873

1.408402035

1.3511447678

0.8891097665

1.3879904294

1.3710978382

1.3017231946

0.872329524

1.3600067675

1.3344460819

1.2517364683

0.8556718046

1.3329312021

1.2984478693

1.2011353253

0.8393368917

1.3067655591

1.2628041095

1.1498703708

0.8232250637

1.281411375

1.2276155613

1.0976421088

0.8072365948

1.2566699594

1.1927828661

1.0443509642

0.791471756



Sheet1

		

				0

				0.0055

				0.011

				0.0165

				0.022

				0.0275

				0.033

				0.0385																																						Inlet		Inlet Saturation						Flow Channel		Twall - Tfluid		Total Pressure		Frictional Pressure		Accellerational		Gravitational		Mass Flow		Exit Convective

				0.044																																						Temperature		Pressure		Inlet		Exit		Height		at exit		Channel Drop		Drop		Pressure Drop		Pressure Drop		Per Channel		Coefficient

				0.0495		0.5		0.5		1		2		1		2																										oC		bar (psi)		Quality		Quality		(mm)		oC		N m-2 (psi)		N m-2		N m-2		N m-2		kg s-1		W m-2 K-1

				0.055		2245.6		2.226576		3.711401		5.943007		1347.2		841.325																								R134a		-15		1.639 (23.78)		0		0.5		0.5		2.749		147.25 (0.021)		25.4		42.8		79.1		1.09E-04		1818.9

																																								R134a mix-vis		-15		1.639 (23.78)		0		0.5		0.5		2.749		191.92 (0.028)		70.0		42.8		79.1		1.09E-04		1818.9

				0.0605																																				Butane		-15		0.564 (8.18)		0		0.5		0.5		1.140		85.24 (0.012)		24.8		42.4		18.0		5.51E-05		4387.7

				0.066																																				Butane mix-vis		-15		0.564 (8.18)		0		0.5		0.5		1.138		70.92 (0.010)		10.5		42.4		18.0		5.51E-05		4394.0

				0.0715																																				Butane		-15		0.564 (8.18)		0		0.25		0.5		1.251		166.37 (0.024)		50.2		84.9		31.3		1.10E-04		3996.7

				0.077																																				Butane		-15		0.564 (8.18)		0		0.75		0.5		0.885		57.69 (0.008)		16.5		28.3		12.9		3.67E-05		5651.1

				0.0825																																				Butane		-15		0.564 (8.18)		0.25		0.5		0.5		0.811		238.16 (0.035)		148.5		84.9		4.7		1.10E-04		6163.0

				0.088																																				Butane		-15		0.564 (8.18)		0		0.5		1		1.550		33.27 (0.005)		3.6		11.7		18.0		5.78E-05		3226.0

				0.0935																																				Butane		-15		0.564 (8.18)		0		0.5		2		1.869		22.09 (0.003)		0.6		3.5		18.0		6.33E-05		2675.3

																																								H2O		-15		?		0		0		0.5		2.226576		32129 (4.66)		32129		0.0		0.0		3.94E-03		2245.6

																																								FC-72		-15		1.01 (14.69)		0		0		0.5		14.880000		65155 (9.45)		65156		0.0		0.0		1.27E-02		336.0

				0.099

				0.1045																																						Inlet		Inlet Saturation						Flow Channel						Choking Max Flow		Kinetic Energy		Compressibility		Flashing		Bond Strength

				0.11																																						Temperature		Pressure		Inlet		Exit		Height		Re		G		Ratio		Assumption		Assumption		Assumption		Factor of

																																										oC		bar (psi)		Quality		Quality		(mm)		1 phase		kg s-1 m-2				<<1		<<1		<<1		Safety

																																								R134a		-15		1.639 (23.78)		0		0.5		0.5		77.0		26.7		53.5		2.56E-05		7.56E-08		1.68E-05		25

																																								R134a		-14		1.639 (23.78)		0		0.5		0.5		77.0		26.7		54.5		2.56E-05		7.56E-08		1.68E-05		25

																																								Butane		-15		0.564 (8.18)		0		0.5		0.5		33.3		11.6		37.6		6.77E-05		6.49E-07		1.67E-04		72

				butane 2mm		r134a 2mm		butane 1mm		r134a 1mm		butane 0.5 mm		r134a 0.5 mm		butane 0.5 mm mv		r134a 0.5 mm mv																						Butane mix-vis		-15		0.564 (8.18)		0		0.5		0.5		33.3		11.6		38.6		6.77E-05		6.49E-07		1.67E-04		72

		frictional		0.6231891498		0.4476444369		4.1626843921		2.9939226563		30.2483918104		21.7627552452		10.8728336803		63.5832698203																						Butane		-15		0.564 (8.18)		0		0.25		0.5		66.6		23.1		26.5		1.36E-04		2.60E-06		3.34E-04		72

		accelerational		3.7059569644		2.6231658333		13.5390781949		9.5826391145		51.6057004985		36.5135419752		51.6009608192		36.5167030779																						Butane		-15		0.564 (8.18)		0		0.75		0.5		22.2		7.7		46.0		4.50E-05		2.89E-07		1.11E-04		72

		gravitational		18.8363195749		80.2597393808		20.2696170077		86.0818008141		21.0773832637		89.3576315884		21.0779297548		89.3544306902																						Butane		-15		0.564 (8.18)		0.25		0.5		0.5		66.6		23.1		18.7		2.72E-04		2.60E-06		6.69E-04		72

																																								Butane		-15		0.564 (8.18)		0		0.5		1		33.3		6.1		71.6		1.86E-05		1.79E-07		4.59E-05		72

				H2O 0.5 mm		butane 0.5 mm		r134a 0.5 mm		electronic liquid																														Butane		-15		0.564 (8.18)		0		0.5		2		33.3		3.3		130.8		5.58E-06		5.36E-08		1.37E-05		72

																																								H2O		-15		?		0		0		0.5		74.0		827.3		n/a		n/a		n/a		n/a		?

																																								FC-72		-15		1.01 (14.69)		0		0		0.5		239.1		2674.6		n/a		n/a		n/a		n/a		?

		N/m^2		32111.5970579138		102.931		40.6979555947		6521797

		psi		4.6573933922		0.0149288794		0.0059027394		9.4586322689																																Inlet		Inlet Saturation						Flow Channel		Radiation		Choking Max Flow				Axial Wall

		rad length g/cm^2		36.0832		45.2299		35.1556																																		Temperature		Pressure		Inlet		Exit		Height		Length		Ratio		Inlet Velocity		Temperature Variation

																																										oC		bar (psi)		Quality		Quality		(mm)		g cm-2		Current Exit		m s-1		oC

																																								R134a		-15		1.639 (23.78)		0		0.5		0.5		35.16 ?		12.04		0.0199		3.044

																																								R134a		-14		1.639 (23.78)		0		0.5		0.5		35.16 ?		12.04		0.0199		3.044

																																								Butane		-15		0.564 (8.18)		0		0.5		0.5		45.23		8.46		0.0086		0.934

																																								Butane mix-vis		-15		0.564 (8.18)		0		0.5		0.5		45.23		8.46		0.0086		0.933

																																								Butane		-15		0.564 (8.18)		0		0.25		0.5		45.23		5.97		0.0172		0.768

																																								Butane		-15		0.564 (8.18)		0		0.75		0.5		45.23		10.36		0.0057		1.210

																																								Butane		-15		0.564 (8.18)		0.25		0.5		0.5		45.23		4.22		0.0172		0.414

																																								Butane		-15		0.564 (8.18)		0		0.5		1		45.23		16.12		0.0045		0.626

																																								Butane		-15		0.564 (8.18)		0		0.5		2		45.23		29.45		0.0025		0.362

																																								H2O		-15		?		0		0		0.5		36.08		n/a		0.7746		n/a

																																								FC-72		-15		1.01 (14.69)		0		0		0.5		?		n/a		1.5734		n/a





htp comparison f(x)

		0.0055		0.055		0.0055		0.0055		0.0055

		0.011				0.011		0.011		0.011

		0.0165				0.0165		0.0165		0.0165

		0.022				0.022		0.022		0.022

		0.0275				0.0275		0.0275		0.0275

		0.033				0.033		0.033		0.033

		0.0385				0.0385		0.0385		0.0385

		0.044				0.044		0.044		0.044

		0.0495				0.0495		0.0495		0.0495

		0.055				0.055		0.055		0.055

		0.0605				0.0605		0.0605		0.0605

		0.066				0.066		0.066		0.066

		0.0715				0.0715		0.0715		0.0715

		0.077				0.077		0.077		0.077

		0.0825				0.0825		0.0825		0.0825

		0.088				0.088		0.088		0.088

		0.0935				0.0935		0.0935		0.0935

		0.099				0.099		0.099		0.099

		0.1045				0.1045		0.1045		0.1045

		0.11				0.11		0.11		0.11



x=0->0.5

h_bar H2O 0.5 mm CM LEI

x=0->0.25

x=0->0.75

x=0.25->0.5

Axial distance from inlet (m)

h (W/m^2)

Convective Coefficient
Current Geometry (4.5 rectangular 9.525 mm x 0.5 mm channels)
For R134a and butane, xin = 0, xout = 0.5

2426.6882950305

2245.6

2502.6933725944

2397.9738656146

4405.4591970277

2526.1529372077

2603.3413603744

2497.0696735616

4488.8483834847

2615.9754760133

2693.9023478497

2587.7444583236

4573.7680934214

2700.9241237829

2778.5929560772

2675.134731277

4660.1526542069

2783.3814374599

2859.3049020878

2761.8715274448

4748.1323287027

2864.69695558

2937.4610433162

2849.4672848914

4837.677544791

2945.8170671574

3013.7594351

2939.0745944036

4929.0029155262

3027.3092932638

3088.7674176521

3031.5538384102

5022.0408746372

3109.6809725956

3162.879967643

3127.917300514

5117.0122206361

3193.4995633235

3236.3926544701

3229.0259754726

5214.0194263577

3279.1129492146

3309.6544066779

3335.7942054606

5313.0431986253

3366.9322937189

3382.6574570455

3449.1654091959

5414.3605725861
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						Inlet		Inlet Saturation						Flow Channel		Twall - Tfluid		Total Pressure		Frictional Pressure		Accellerational		Gravitational		Mass Flow		Exit Convective						Inlet						Flow Channel		H2O Mass Flow		Exit Convective		Twall - Tfluid		Total Pressure		Axial Wall

						Temperature		Pressure		Inlet		Exit		Height		at exit		Channel Drop		Drop		Pressure Drop		Pressure Drop		Per Channel		Coefficient						Pressure		Inlet		Exit		Height		/ Mass Flow		Coefficient		at exit		Channel Drop		Temperature Variation

						oC		bar (psi)		Quality		Quality		(mm)		oC		N m-2 (psi)		N m-2		N m-2		N m-2		kg s-1		W m-2 K-1						bar (psia)		Quality		Quality		(mm)		(ratio)		W m-2 K-1		oC		N m-2 (psi)		oC

				R134a		-15		1.639 (23.78)		0		0.5		0.5		2.749		147.25 (0.021)		25.4		42.8		79.1		1.09E-04		1818.9				R134a		1.639 (23.78)		0		0.5		0.5		36.24		1818.9		2.749		147.25 (0.021)		3.044

				R134a mix-vis		-15		1.639 (23.78)		0		0.5		0.5		2.749		191.92 (0.028)		70.0		42.8		79.1		1.09E-04		1818.9				R134a mix-vis		1.639 (23.78)		0		0.5		0.5		36.24		1818.9		2.749		191.92 (0.028)		3.044

				Butane		-15		0.564 (8.18)		0		0.5		0.5		1.140		85.24 (0.012)		24.8		42.4		18.0		5.51E-05		4387.7				Butane		0.564 (8.18)		0		0.5		0.5		71.56		4387.7		1.140		85.24 (0.012)		0.934

				Butane mix-vis		-15		0.564 (8.18)		0		0.5		0.5		1.138		70.92 (0.010)		10.5		42.4		18.0		5.51E-05		4394.0				Butane mix-vis		0.564 (8.18)		0		0.5		0.5		71.56		4394.0		1.138		70.92 (0.010)		0.933

				Butane		-15		0.564 (8.18)		0		0.25		0.5		1.251		166.37 (0.024)		50.2		84.9		31.3		1.10E-04		3996.7				Butane		0.564 (8.18)		0		0.25		0.5		35.78		3996.7		1.251		166.37 (0.024)		0.768

				Butane		-15		0.564 (8.18)		0		0.75		0.5		0.885		57.69 (0.008)		16.5		28.3		12.9		3.67E-05		5651.1				Butane		0.564 (8.18)		0		0.75		0.5		107.34		5651.1		0.885		57.69 (0.008)		1.210

				Butane		-15		0.564 (8.18)		0.25		0.5		0.5		0.811		238.16 (0.035)		148.5		84.9		4.7		1.10E-04		6163.0				Butane		0.564 (8.18)		0.25		0.5		0.5		35.78		6163.0		0.811		238.16 (0.035)		0.414

				Butane		-15		0.564 (8.18)		0		0.5		1		1.550		33.27 (0.005)		3.6		11.7		18.0		5.78E-05		3226.0				Butane		0.564 (8.18)		0		0.5		1		68.16		3226.0		1.550		33.27 (0.005)		0.626

				Butane		-15		0.564 (8.18)		0		0.5		2		1.869		22.09 (0.003)		0.6		3.5		18.0		6.33E-05		2675.3				Butane		0.564 (8.18)		0		0.5		2		62.24		2675.3		1.869		22.09 (0.003)		0.362

				H2O		-15		?		0		0		0.5		2.23		32129 (4.66)		32129		0.0		0.0		3.94E-03		2245.6				H2O		1.00 (14.69)		0		0		0.5		1.00		2245.6*		2.227*		32129 (4.66)		n/a

				FC-72		-15		1.01 (14.69)		0		0		0.5		14.88		65155 (9.45)		65156		0.0		0.0		1.27E-02		336.0				FC-72		1.00 (14.69)		0		0		0.5		0.31		335.9*		14.880*		65155 (9.45)		n/a

																																*Average values for channel

						Inlet		Inlet Saturation						Flow Channel						Choking Max Flow		Kinetic Energy		Compressibility		Flashing		Bond Strength

						Temperature		Pressure		Inlet		Exit		Height		Re		G		Ratio		Assumption		Assumption		Assumption		Factor of

						oC		bar (psi)		Quality		Quality		(mm)		1 phase		kg s-1 m-2				<<1		<<1		<<1		Safety

				R134a		-15		1.639 (23.78)		0		0.5		0.5		77.0		26.7		53.5		2.56E-05		7.56E-08		1.68E-05		25

				R134a		-14		1.639 (23.78)		0		0.5		0.5		77.0		26.7		54.5		2.56E-05		7.56E-08		1.68E-05		25

				Butane		-15		0.564 (8.18)		0		0.5		0.5		33.3		11.6		37.6		6.77E-05		6.49E-07		1.67E-04		72

				Butane mix-vis		-15		0.564 (8.18)		0		0.5		0.5		33.3		11.6		38.6		6.77E-05		6.49E-07		1.67E-04		72

				Butane		-15		0.564 (8.18)		0		0.25		0.5		66.6		23.1		26.5		1.36E-04		2.60E-06		3.34E-04		72

				Butane		-15		0.564 (8.18)		0		0.75		0.5		22.2		7.7		46.0		4.50E-05		2.89E-07		1.11E-04		72

				Butane		-15		0.564 (8.18)		0.25		0.5		0.5		66.6		23.1		18.7		2.72E-04		2.60E-06		6.69E-04		72

				Butane		-15		0.564 (8.18)		0		0.5		1		33.3		6.1		71.6		1.86E-05		1.79E-07		4.59E-05		72

				Butane		-15		0.564 (8.18)		0		0.5		2		33.3		3.3		130.8		5.58E-06		5.36E-08		1.37E-05		72

				H2O		-15		?		0		0		0.5		74.0		827.3		n/a		n/a		n/a		n/a		?

				FC-72		-15		1.01 (14.69)		0		0		0.5		239.1		2674.6		n/a		n/a		n/a		n/a		?

						Inlet		Inlet Saturation						Flow Channel		Radiation		Choking Max Flow				Axial Wall

						Temperature		Pressure		Inlet		Exit		Height		Length		Ratio		Inlet Velocity		Temperature Variation

						oC		bar (psi)		Quality		Quality		(mm)		g cm-2		Current Exit		m s-1		oC

				R134a		-15		1.639 (23.78)		0		0.5		0.5		35.16 ?		12.04		0.0199		3.044

				R134a		-14		1.639 (23.78)		0		0.5		0.5		35.16 ?		12.04		0.0199		3.044

				Butane		-15		0.564 (8.18)		0		0.5		0.5		45.23		8.46		0.0086		0.934

				Butane mix-vis		-15		0.564 (8.18)		0		0.5		0.5		45.23		8.46		0.0086		0.933

				Butane		-15		0.564 (8.18)		0		0.25		0.5		45.23		5.97		0.0172		0.768

				Butane		-15		0.564 (8.18)		0		0.75		0.5		45.23		10.36		0.0057		1.210

				Butane		-15		0.564 (8.18)		0.25		0.5		0.5		45.23		4.22		0.0172		0.414

				Butane		-15		0.564 (8.18)		0		0.5		1		45.23		16.12		0.0045		0.626

				Butane		-15		0.564 (8.18)		0		0.5		2		45.23		29.45		0.0025		0.362

				H2O		-15		?		0		0		0.5		36.08		n/a		0.7746		n/a

				FC-72		-15		1.01 (14.69)		0		0		0.5		?		n/a		1.5734		n/a
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