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Abstract — This paper investigates the feasibility of using Il. DRIVE TO DEVELOP ENVIRONMENTAL

air as a coolant media in an air-conditioning opencycle
system. Recent research in this area has been mainh using COOLING SYSTEMS —BRIEF DISCUSSION

closed cycle systems, using relatively higher comgssion ]
levels, when compared with currently used refrigerat gas Recent demand for sustainable development has

systems. This investigation focuses on an open cyblesed on prompted a number of institutions in researchingl an

a series of compression and expansion cycles. Theglucing  developing the usage of air as a refrigerant médian

the size of air compressor. Subsequently reducingh¢ open cycle system. A paper by C. M. Bartolini (19pQ

consumption of energy. _ discusses this subject in details as briefly shamnhe
Methodology_employed was using CFD _software to mote following five paragraphs.

the system. Airflow stream lines and air flow pressre The aims of the scientific community in the 1998s i

contours were recorded. Data was collected and tatated for laci CEC fri t . . ditiani
discussions. Several models were generatedby incs@ag the replacing refrigerant gasses In air-conaitignin

number of compression/expansion cycles, searchingorf €duipment, in order to solve the We.ll-known. serious
optimum solution. pollution problems. One of the solutions which was

CFD generated results and calculations were compadle considered was the usage of air cycle refrigeragistems
with commercially available air-conditioning system It was that are more commonly used in the air-conditionaig
concluded that CFD techniques can be used to devplo aircraft than in surface and stationary applicaibecause
effective sustainable cooling systems, based on imglified  the lightweight compact equipment. Reason beind tha

easy to manufacture geometric model. Air can be udén an g,y systems known for their lightweight usuallisef its
open cycle cooling system with an acceptable lewa sensible inherently low efficiency

cooling and low energy consumption. Thus avoiding thneed Th " | fri fi its h b d |
for manufactured refrigerant gases which are costlyto . e. ar CYC e re !'|gera 1on gm S have been _eep Yy
produce and can be harmful to the environment. investigated in the literature with both dry andt vedr

working fluid; the thermodynamic analysis pointad the

Keywords — Air Refrigerant, Air-Conditioning, Sustainable  influence of the compressor, turbine, and heat @xgér

Development, CFD. efficiencies on the global performance and theugrice of
the expansion procession the final thermodynamic

|. INTRODUCTION conditions of air in open cycle conditions. An emrp@n

that makes possible to maintain the steam in dayiilin

Recent research in environmentally friendly coolingvith dry air allows a lower temperature at the eosfd
systems investigated the use of air as a refrigegas. transformation especially with high pressure ratios

However, due to the limitations of the air presscyele affecting improvements in the coefficient of perfance;

associated with air when used as a refrigerangréss in  such expansion can be more likely obtained in hirer

this field has remained slow. The challenge comtinto rotating at lower speeds.

investigate the possibilities of using air as aigefant. =~ Open air cycle systems were considered uneconomical
With the aim of reducing fuel consumptions, anduadg in many applications because of the high poweriredu
the carbon footprint. However, they are used in specialized applicatishsre

In this paper CFD software was used to investigjate efficiency is not the primary factor, such as imagely
practicality of using air as a refrigerant in areopcycle located military bases. Another example of the asig
system. The aim was to remain as practically asiples aircraft air conditioning systems where the comgiaas of
when considering pressure levels at the inlet cesgion the outside low pressure in flight ambient condisido the
stage, keeping the size of the air compressor dowmear standard atmospheric pressure is in any cmse i
Similarly, at the heat rejection stage, the lowss$sible operated. All these reasons suggest to look for waws
forced air convection air flow rate was consideredo reduce the cost/benefit ratio, maintaining the
Keeping the size of the forced air fan down. Tha af compactness and reliability.
this research was based on searching for the optimaln relatively small room volumes requiring lower ai
combination of low air compression/expansion anflow rates open cycle systems using volumetric riresh
temperature of cooled air output. The paper unlikgnay not be suitable due to the possibility of theiernal
previous  works, relies on a series oflubrication contaminating the airflow. Until now such
compressions/expansion cycles, where heat is egjectapplications, centrifugal compressors and radigbibes
during each compression stage, with the minimurhave found a wide application; the low flow ratesdlve
possible pressure applied at the first compresstiage. relatively smaller impeller dimensions which reguir

higher angular velocity speeds in order to get the
necessary value of the tip velocity.
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The earliest recorded studies on such systems daoks versus an acceptable air cooling. The heat rejectio
to the thirties and started in Germany and JaparceS segment of the model was investigated by varying th
then several theoretical and experimental reseegdieve forced air convection rate. Thus investigating wisathe

been presented in literature. minimal forced air convection rate required to rembeat

Examples of similar recent work are given below; from the heat rejection surface of the pipe wall.
Established companies such GEA (2014) [2] do offer War air entering the tube inlet was applied at @D

cooling systems using air rather than a refrigegast model tube inlet in the form of mass flow rate, the

A research paper by D J G Butler (2001)[3] basec onassociated pressure values generated by the CHijsiana
closed cycle system discusses the limitations &gl were then used in the air compressor calculatibogs in
with the usage of such a system due to the loweperd Appendix 1.
energy efficiency of air cycle systems. An exampfe Assumptions:
where such a technology is currently utilized is@&ny’'s - Air as an ideal gas. Note: According to E Ratrsikran
ICE-3 high speed trains. A suggestion in Mr Butief3] (2006) [4], many of the familiar gases such as air,
paper has been made referring to the possibilitysiig  nitrogen, oxygen, hydrogen, helium, argon, neoyptan,
an open cycle system. This is the research topithisf and even heavier gases such as carbon dioxide €an b
paper, an open cycle system. treated as ideal gas with negligible error, oftesslthan

The above examples clearly indicate that therenis d%.
interest in using such cooling systems and thatetlie - K-Omega turbulence model in Fluent database was
room for further development. With the ultimate agh selected. See Appendix 2 for k- Omega model desmnip
driving capital and operation costs down, whilemesh set up and specific CFD set ups.
maintaining the performance and reliabilty at anr Tube wall roughness constant; 0.5. -Pipe wallemial
acceptable level or even better when compared wilelected copper.
currently available vapor compression systems. - The heat rejection surface area was investigatadg

Recent drives in phasing out hydro chlorofluorocarb various heat flux rates. With the ultimate aim sing the
or HCFC are progressing, the main reason being thédwest possible heat flux rejection rate. Simplifyiheat
well-known impact on the depletion of the Ozoneelay ejection surface and lowering the forced convectidm
Refrigerant gases such as R410, as an example, Bfeat flux figures investigated 40 to 150 W(th003522
continuously being introduced worldwide. HoweverlR4 Btu/ft? to 0.013208 Btu/f).

refrigerants are known to have a global warmingeptidl, - Tube entry air temperature or room temperaturéis
a negative point against R410 offset by the astatia case was assumed to be 24 °C (75.2 °F). Refegta.Fi
system higher operating efficiency. - Mesh details, software automatic meshing tool wsed.

The drive remains in the air-conditioning industry Number of elements was set at 10 million cellssimgle
developing further more efficient environmentaltiehdly  stage, and 30 million cells for three compressimges, a
air cooling systems. This paper investigates thesipdity  full size model. Model was then reduced to a 36releg
of using air as a “refrigerant” in an open cyclstsyn as revolved volume rather than the 360 degrees reddiviee
suggested by D J G Butler (2014) [3]. Addressingolume. The reduction in tube volume reduces thewarm
technical and environmental issues. Such a scheameof computing time. See Appendix 2 for specific mes
clearly environmentally friendly with no refrigertgnused, details.-Initial analysis assumed dry air as perdbftware
and simple to manufacture, therefore economicals®. database. Final analysis was based on an assungbtizh
Such a scheme can contribute to sustainable dawvelop °C (75.2 °F), 60% relative humidity at the tubeeinl
in air-conditioning. Simulating a near true room condition. See Fig 7 fo

This paper uses CFD tools way to search for ways atetails.
improving such a system. Multiple compression aneA taper angle of 2 degrees inwards and towarel®tllet
decompression stages will be considered in optigithe was introduced. The tapering was allowed for theppse
cooling power ratio to power consumed. of modeling to minimize the fluid reverse flow dtet

outlet assisting the CFD analysis, see Fig 1.

[ll. DESCRIPTION OF THE CFD M ODEL

V. METHOD

Description of model can be seen in Fig 1. The wams
to develop a simple geometry where air can be The first step involved building a model with a glim
compressed, reject heat, and then allowed to expaok stage compression cycle. Geometry was kept simple,
to atmospheric pressure levels. The remaining CFlgeping manufacturing requirements simple and thus
generated images in Figs 2 to 7 show graphicallteesu jowering costs see Fig 1. A mass flow rate of Oglsk
Fluent software was used to develop the model. Am 22 |b/s) was applied at the inlet, air was thenced to
example of how such a model can be put into pra@si@s pass through a narrow passage, and then allowed to
shown in Fig 8. expand at the outlet. The compression stage doearstr

The analysis investigated; one, two, three and fou the inlet is as shown in Fig 1 generates heat.
stages of compression and expansions cycles. Rréin  The generated heat as a result of air compression i
an optimal solution, low compression, hence energygjected by the tube wall. Rejected heat at the tuall is
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removed by forced air convection. This has beemsited The two, three, and four stage model geometry was

in the CFD boundary wall condition as heat fluxsiymed created by copying the initial single stage comgices

values of heat flux are as shown in tables 1 toThis model and rejoining in the software modeler. Figbre

phase of rejected heat removal is similar to wizgdpens shows the three stage model. The single stage nemkel

in a vapor compression cycle, where the conderkavsa meshed with 10 million cells, while the three stage

the compressed gas refrigerant to reject heat. compression model was meshed with 30 million célie
The first stage compression cycle can be deschityed aim was to create an extreme fine mesh and obtzid g

the following relationship, p1lvl/T1 = p2v2/T2, knovas reliable results. Inflated mesh layers were creatieahg

the perfect gas equation or the ideal gas equatiois. the tube boundary wall, using the software standard

clear that if vl and v2 are constant, T2 will irese as p settings for inflated mesh layers.

increases. The opposite is also true, that istirsigfrom a The four stage compression model was generated to

high air pressure and then expands as in this eeaimio cater for the added 60% relative humidity. This elod

a low pressure space, the temperature then drops. represents near true operating conditions. See6Figr
The analysis was run for a number of increased aite details on what the 60% relative humidity represent

flow rates. Results were tabulated as shown inetdbl terms of water mass per a 1 kg (2.2 Ib) of air mass

This was to investigate the physics involved and th

optimum low pressure that may achieve the lowest V. CFD RESULTS

temperature drop at the outlet. The analysis hesated

that a relatively high temperature drop can acyualk  Graphical simulations were generated as showngs Fi

achieved at low pressure differentials, as showgraph 1 to 7. Table 1 shows the data entry columns prediixy

Fig 9. The methodology of this paper was thereforghe software package and the result columns. Apgend

focused on analyzing the model by applying low pues  shows calculations used to produce the results sHow

at the tube inlet. This analysis was developed t@ples 1 to 4. Graphs were plotted relating tentpeza

investigate a; two, three, and four stages of abutput against the tube inlet pressure.

compression/expansion models. Temperature drop fromResults from table 1were plotted as shown in Fi).9(

24 to 20 °C (68 to 75.2 °F) was achievable with lowor petter equation development, the curve was it

relatively low pressure applied at tube inlet. Teason for two parts as shown in Figs 9(b) & 9(c). Curve i

investigating a number of compression/expansiogesta were used to generate equations.

was to eXplOfe how the SHR criteria aimed for iis th Notes: Curve approxirnation-fitting techniqu&were

paper compares with acceptable SHR values. Thdtgesu

will be discussed in section 5.

1.885e+002

-

- 1.325e+002

I 7.653e+001

]

Airnlet

Heat rejection surface| | Expansion valve (throttle)| | outlet

] [P L] 0200 )
— —
100 oam

Fig.1.Single stage graphical results. The left segmenilue# represents the heat rejection part. Thesealinent was
assigned with a heat flux value at the softwarendauy wall conditions. Model dimensions; - Left semt the heat
rejection part; Diameter = 100 mm (4 inches), lang950 mm (38 inches). - Chamfers near the expansailve = 3mm
(0.12 inch). - Expansion valve; Diameter = 30 mn2 (hch), length = 25 mm (1 inch). - Right tube segt, outlet;
Diameter at the start = 100 mm (4 inch), lengtts8 inm (6 inches). Tapered inwards towards the oofl@ degrees.
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i

Fig.2.Single stage. Velocity volume rendering, whereldfiesegment shows a relative low velocity, whibb t
expansion valve (smaller diameter segment), antutie outlet show a higher velocity.

a 0.0 0400 (m)

Fig.3.Single stage. Total pressure volume renderingskgfiment where air enters the tube, and gets cesgteshows a
higher pressure when compared with the outletivelgtlower pressure.

o 0150 0300 fm) "k ¥

—
0078 0226

Fig.4.Singlestage.Picturesfromthesoftwarepostpsmeagelocitystreamlinesattheleft segment of tuleerafatively low,
and higher at the outlet to the right of picture.
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Coolingtube
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Contours of Total Pressure (pascal) (Time=1.0000e+00) Jan 26, 2014 8
ANSYS FLUENT 14.0 (3d, dp, pbns, dynamesh, skw. lransient) a

Fig.5.Picture shows a three stage open cycle model. The
overall length now is 3000 mm (120inches). The &bov
model represents detail Fig 8b, with the exceptibtne @
air compressor and the drain valves. | < }\ bk

e

l Ay

RTARVAY; _, $
1 _>__J< *‘ . \( \.K-\
26%e+01 . 4
. 257e+01
251e+01 3
245e+01
2.38e101
2.32e+01
2280401 8(b)
2.20e+01 . . . - .
Fig.8. Schematic showing how an open cycle air cooling
208e+01
2020001 system works. Room air enters the return air §rilinoves
1.96e+01
ot along the air duct 1, enters an oil free air corsgoe 2,
il enters the first compression stage at point 3, heat
. rejected along the tube surface, heat removed fogdoair
i ¥ A convection 11, and then air expands once it ledkes
e expansion valve 5. The expansion valves downstrebm
Contours of Total Temperature (c) (Time=2.0000e+00) Mar 15, 2014 eXpanSiOﬂ valve 5 are a repeated heat rejectioles:yln
ANSYS FLUENT 14.0 (3d, dp, pbns, spe, skw, transient)

Fig.6. Picture shows a 3D image of a four compression tNiS example, three compression stages are shottheA

stage open cycle model. With 60 % relative humiditg4 last expansion stage, air retunes to room via tubair
°C (80 °F). Temperature contour plot shown for a 36 duct 6 towards. Air discharges at room space via ai
degrees segment was modeled to reduce computieg timdiffuser 6.

Tube outlet shown to the right of picture. Humidity expected to condensate during compression;
5 therefore, drain valve item 4 was introduced towilfor
. b o water drainage. Drain valve control can be manual o
e automated.
e The above example shows three compression stages in

1.08e+03
1.01e+03
9.29e+02
852e+02

straight line, this layout can be in any configioat
example inverted U shaped tubes in series. Defa 8

B . shown above building’s roof, this can be installed
6200402 vertically along a wall, or even within the buildirwith
5.42e+02
4p5er02 - ( the exhaust heat removing air is ducted. Detai) 8fiows
3.87e+02 <3
N e details of item 8(a).
'ji( 232e+02 ( )
1.550+02 Y
T.74e+01 A
0.00e+00 W
Contours of Wall Func. Heat Tran. Coef. (w/m2-k) (Time=2.0000e+00) Mar 15, 2014
ANSYS FLUENT 14.0 (3d, dp, pbns, spe, skw, transient)

Fig.7.Picture shows a 3D image of a zoomed-in image
near the tube outlet section of a four compressiage
open cycle model. With 60 % relative humidity at°24
(80 °F). Contours of wall function heat transfer
coefficient.
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Pressure [bar)
(b) (c)

Fig.9. (a) Data plotted from table 1. Representing a sirgfhge compression cycle, with various heat flatings
assumed at the heat rejection segment of tube.oAithis graph was to establish the physics. Thelgshow the most
significant pressure drop obtained with a low indegssure applied, below 2 bar. Curve (a) was spbttwo curves for

curve fitting, curves (b) and (c). Equations weeagrated by the spread sheet as shown above,aarstated to reflect
the actual physical parameters as shown in se¥ktion

Temperature

23 (°c)
22.8 T, N

Approximated fitted
curve

22.6
22.4
22.2

22
21.8
216
21.4

y=-0.4444x%+0.8313x+22.4
R?=1

21.2

21
0 0.5 P(bar) 1 1.5 2 2.5 3

Fig.10.Graph representing a two stage compression op&yae. Graph indicates lower temperatures achiedolw
inlet pressure. Equations were developed as showedtion V.
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20.2
Temperaturei®C)

20.15

20.1

20.05

20

19.95

12.9

19.85
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

B (bar)

Fig.11.Graph representing a four stage compression exgrangien air cycle. Graph indicates lower tempeeatur
achieved at the lowest inlet pressure. Equations @eveloped as shown in section V. Inlet air chowlisimulated at 24
°C (80 °F) 60% relative humidity.

Kgofair (0.0113
Ib of waterper a lb of air).
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Tablel: CFDData Output and Calculated Results—tagesompression.
Single compression stage

Description

Air flow mass, kg/s
(Ib/s)

Pressure in (bar)
Pressure out (bar)

AP (bar)

Temperature out, °C

(°F)

Air flow, 1/s (c¢fim)

Heat flux W/n»
(Btu/ftz)

Enthalpy in, J'kg,
(Btw/1b)

Enthalpy out, J/kg,
(Btw/1b)

A Enthalpy. J/’kg. Btw/1b)
Ratio of cfinto TR

SHR

Air flow mass, kg/s (1b/s)
Pressurein (bar)

Pressure out (bar)

AP (bar)

Temperature out, C (°F)

0.4 (0.88)
1.53
0.049
1.481

22.7(77.4)

400.2 (848)

40
(0.003522)

1722.7

(0.740)
-16268.6
(-6.994)
17991.3
(7.735)

160.25
0.09
0.1(0.22)

y]

27
2 .37

<

0.006

22.5(77)

0.5(L.1)

2
0.121
1.879

21.6(75.2)

500.3
(1060)

40
(0.003522)

1722.7

(0.740)
-16268.6
(-6.994)
17991.3
(7.735)

200.32
0.17
0.2(0.44)
0.1

0.121

0.018

22.8(77.6)

051(1.12)

231

21.6(75.2)

5103
(1081.2)

(0.003522)

1722.6
(0.740)
-16446.9
(-7.071)
18169.5
(7.811)

202.32
0.16
0.5(1.1)

257

0.187
0.066

21.2(74.4)

0.52 (1.144)
237
0.190
2.180

21.5 (75)

5203
(1102.4)

100
(0.008805)

1722.8
(0.740)
-16695.9
(-7.178)
18418.7
(7.918)

203.50
0.17
0.1(1.1)
0.81
0.190
2.180

20.4(72.8)

0.55(1.21)

21.3 (74.6)

550.3
(1166)

100
(0.008805)

1722.9
(0.740)
-17598
(-7.566)
19320.9
(8.306)

205.19
0.17
0.2(0.44)

4
205

O
(8]

2.365

22(76)

1.3 (2.86)
7.43
0.403

7.0267

20.2
(72.4)

1300.7
(2756)

150
(0.013208)

277

1722.3
(0.740)
-26170

(-11.251)
27892.3

(11.991)

3595
6
(0.66)

3
0
0.3 (
2.84

1
3
2.8

22(76)

The calculated SHR values show that acceptablédert®oling can be obtained when using multi stegeapression.
*= Compression power was estimated to be 1.223 &&ltulated in section a. Allow 20% extra powertfdn losses
gives 1.47 kW. See Appendix 1 & 2 for calculatiamsSHR & compressor power.

Table 2: CFD Data Output and Calculated Resultgo-& three stages compression.

Description

Two compression stages

Three compressages

Air flow mass, kg/s (Ib/s)
Pressure in (bar)

Pressure out (bar)

AP (bar)
Temperature out (°F)
Air flow, I/s (cfm)

Heat flux, W/m2 (Btu/ft2)
Enthalpy in, J/kg (Btu/Ib)
Enthalpy out, J/kg (Btu/lb)

A Enthalpy, J/kg (Btu/lb)

0.1 (0.22)
0.1

0
0.006
22.5 (77)

100 (212)
40
(0.003522)
-1054
(-0.453)
-3066.6
(-1.318)
2012.6
(0.865)

0.2 (0.44) .5QL.1) 0.1(1.1) 02(0.44) 0.3(0.66)
0.81 2.84 2.37 2.57 7.43
0.121 0.187 0.190 0.205 0.403
0.018 0.066 2.180 2.365 7.027

22.8(77.6) 21.2(74.4) 20.48J2. 22 (76) 22 (76)
200 (424) 500 (1060) 100 (212) 200 (424) 300 (636)

40 40 100 100 150

(0.003522) .q03522) (0.008805)  (0.008805)  (0.013208)

-1077.6 -1106 -1042.6 -1060.8 -1077.2

(-0.463) (-03) (-0.448) (-0.456) (-0.463)

-3904.5 -8842.3 -4855.4 -4192.7 -3739.6

(-1.678) 601) (-2.087) (-1.802) (-1.607)

2827 7736.3 3812.8 3131.9 2662.4

(1.215) (3.326)  1.639) (1.346) (1.144)
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Ratio of cfm to TR 358.14 509.94 465.86 189.05 .260 812.20
SHR 0.75* 0.426 0.364 0.95 0.64 0.75

The calculated SHR values show that acceptablédert®oling can be obtained when using multi stegeapression.
*= Compression power was estimated to be 1.223 &Xltulated in section a. Allow 20%extra power faotlosses
gives 1.47 kW.See Appendix 1 & 2 for calculatiomsSHR & compressor power.

Table 3: CFD Data Output and Calculated Resultay $tages compression. With 60% relative humialitgied.

Description Four compression stages
Air flow mass, kg/s 0.1 0.15 0.2
Pressure in (bar) 0.217 0.485 0.784
Pressure out (bar) 0.002 0.003 0.003
AP (bar) 0.215 0.482 0.778
Temperature outC (°F) 19.9 20.16 19.91
Air flow, I/s (cfm) 100 (212) 150 (318) 200 (424)
40 40 40
Heat flux, W/m2 (Btu/ft2) (0.003522) (0.003522) .q03522)
-1056.1 -1077.6 -1090.6
Enthalpy in, J/kg (Btu/lb) (-0.454) (-0.463) (-68)
-5425.46 -5272 -2142.88
Enthalpy out, J/kg Btu/lb) (-2.332) (-2.266) (19
4369.35 4195.00 1052.24
A Enthalpy, J/kg (Btu/lb) (1.878) (1.803) (0.452)
Ratio of cfm to TR 164.97 257.73 1370.02
SHR 0.94 0.92 3.9

Results and calculations for a four stage compoassiigh SHR values were produced, with air temjpeeaoutput at
20 °C (72 °F) and below.

1- Employed using Excel 2010 software.?, Ror AT (°C) = 2.9722(Pirf)- 12.803(Pin) + 35.317 (i)
regression description. Assessing integrity of folas R2 = 1 for the condition 1.5< Pin > 2.3 bar Equatio
developed by regression. With a lovi R0 none of the derived from Fig 9 (b).
variances on the Y axis can be explained agaiisesan AT(°C)=-0.2228(Pin) + 21.953 (iii)
shown on the X axis. With highzﬁl, all of the variances R2 = 0.9743 for the condition 2.6< Pin > 7.4 bau#ipn
on the Y axis can be explained against values shawn derived from Fig 9 (c).

the X axis. _ _ e Temperature output against applied inlet pressure —
2- Assumptions were made on forced air convection gquation — two stage compression.

the heat rejection section of the CFD model, ingidan AT (°C) = -0.4444(Pirf)+ 0.8313(Pin) + 22.418 (iv)
Fig 8. Table 1 shows the assumed forced air comrect
figure at every pressure input level. As presstitbainlet
was increased, the forced air convection was isetdo
cater for the increased heat flux. Since this is an

izuc:?%tr';nma;t%ﬂazegt ;ﬁjsgilr%ning'?hci)smi?]t\%s?ndigteosg section was to investigate the practicality of sadystem,
y ge. s with sustainability in mind. The CFD analysis have

demonstrate that the system can work. I .
The following equations were developed based on ﬂgemonstrated that it is possible to create an apete

curves showing Figs 9, 10, and 11. Curves can bd tts %ollng system to produce an air temperature d

) . ; ; °C (68 °F), starting from a room temperature of 2
E:gggrtehe air temperature out-put in responsieanput (75.2 °F). Achieved with a single stage

R2 = 1. Equation derived from Fig 10. compression/expansion cycle. With a heat removal oh

) . _ over 27 kW, per a 1.3 kg/s (2.86 Ib/s) of air maBse
» Temperature output against applied inlet pressure —

. . . o .Vpressure at the tube inlet was at 7.5 bars as shovable
equation — four stage compression with 60% relativg o ever the SHR values shown in table 1 inditate
humidity 24 °C room temperature.

) . _ value of SHR = 0.15, which is considered as a lae.
AT (°C) = -3.1857(Pirf)+ 3.2065(Pin) + 19.354 ()  Research with CFD modeling was continued to ingesti
R? = 1. Equation derived from Fig 11. ways to achieve a value of SHR = 0.7.
. Temperatqre output against a}pplied inlet pressure —According to Faye McQuiston (2000) [5], electriqea
equation — single stage compression. compression systems produce 165.2 /s to 188(8%@ to
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400 cfm) per a 3.4 kW (1 TR) at an SHR value of 0.7 are; the removal for the need of the turbine corepgn
Two stage, three, and four stage compression cyclaad the differences in the number of heat exchangae
were modeled as shown in Figs 1 to 7. Figure 5 shaw Appendix 3. The TS diagram in Fig 13 also showsas
three stage compression cycles, and Fig 6 showsua fexample how a two stage model can be represented.
stage compression cycles with relative humidity aet A paper by L. Beatrice and F. Fiorelli [8] investtgs
60%. The analysis have shown that the model can b feasibility of using such systems in automotive
developed to approach a value of SHR = 0.7 and evapplications. Where a system is powered by thenengi
higher with multistage compression. Also, the msitige exhaust. Paper concludes that such system whenatethp
compression results showed that such SHR valuebeanwith conventional systems; consumes 1.7 kW (sintibar
obtained with relatively lower inlet air pressuféerefore, conventional systems), weighs1.0 kg more, cost 56 %
lower energy consumption using smaller air compo@ss more, and requires 24 % less maintenance cost$. that
equipment. Table 2 shows at what mass air flowsrate advantage of not using refrigerant gasses. Thes coaly
value of SHR 0.7 can be achieved, and how thisevalcome down if mass production starts. Therefor,36&)
compares with what is given by Faye McQuiston [5tost difference can be reduced.
(2000); 165.2 I/s to 188.8 I/s (350 to 400 cfm) peB.4
kW (1 TR) at an SHR value of 0.7. Table 3 shows how
near realistic results can be achieved with acbtépt@aHR

values at 60 % relative humidity. CFD packages can be used to further develop HVAC
The advantages of using such an open cycle system ystems, improving efficiency, reducing manufactgri

be summarized as follows; costs, and carbon footprint. Open air cycle cooling

a- Tube geometry is easy to manufacture, with reltive systems simplify the production of HVAC cooling

lower consumption of manufacturing materials wheRystems. A simple tube was used with a relativetglbair

compared with an electric vapor compression system.  compressor to produce an acceptable SHR valu&of 0.

b- Using air as a refrigerant media, avoids th@pen cycle air cooling can be used in other aptiina

manufacturing of refrigerant gases. Currently aldé sych as automotive  air-conditioning,  replacing

refrigerant gases including gases which are redardganufactured refrigerant gasses which can harm the

environmentally friendly gases do require energy tGnvironment, and consume energy to produce.
manufacture, store, distribute, and maintenance by

refilling. This system uses available space aiwlemergy
consumption during the compression stage. Tabled23a
show what cooling power can be achieved with lo
compression rates and achieve SHR values of 0.dpead
between 0.2 and items;a, b, and c, above.

Comparing the open air cycle cooling with electic
cooled vapor compression can be done by referring t
table 4, and as follows;

The ratios of cooling power to electric power ar8
and 2.42 for air open cycle and electric air coolagor
compression respectively. A difference of 4.7 %anor
of the latter. -Comparing the carbon foot printvietn the
above mentioned systems. The carbon footprintsapér
kW of cooling power are 0.19 and 0.13 for air opgole
and electric air cooled vapor compression respelgtivA
difference of 31.6 % in favor of the latter. Howeve [2]

VIl. CONCLUSION
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NOTATION

CFD = Computational Fluid Dynamics. ANSYS CFX
CFD software brand. m/s or m As= meters per a secor
m®/s = cubic meters per a second #¥square meter. m
meters. mm = millimeter. Pa = Pascal W = Watts T
Ton of Refrigeration. W/m2 = Watts per a squareem:
Btu/ft? = British Thermal Units per aquar foot. Pin =
Pressure at the tube inlet, (bar). ATAir temperature &
the tube outlet, °C). HP = horsepower N = number
compression stages 1 stage compressor. k = 1.
adiabatic expansion coefficient. P1 = Pin = absoinitial
atmospheric pressure (psi) (14.1 psi at sea le®R).=
Pout = absolig final pressure after compression (psi). "
volume of air at atmospheric pressure (cfc,= specific
heat capacity of airy = heat capacity ratio for ideal g

COP = Coefficient of Performance.

APPENDIX |

Calculations associated with resultsin tables 1, 2, & 3;

Data produced in table 1 was generated by the
package, with the exception of the following infation;
- The value of air flow in cfm was generated
multiplying 1 I/s by 2.119 c¢fm. Assuming 1 kg/s #/4 of
air flow. -Ap = pressure at inlet pressure at outle—A
Total Energy = Total Energy at inlet Total Energy at
outlet. -A Enthalpy = Enthalpy at inle- Enthalpy at
outlet. In this example this equals the change ha
internal energy of the system, plus the
work that the system has done on its surroundi-Ratio
of cfmto 1

TR, divide cfm by A Enthalpy+ 3400). Note the 340
convert energy in Joules to 1 TR of cooling pov-SHR
= the ratio of sensible heat transfer to the th&alt transfe
of the process. Expressed as follows; SHR = 10(
[(outlet temperature — 24 C) A (Enthalpy)] Where 1005
is the specific heat capacity of air.
Power required for air compression

Figures from tables 2 as example can be entered in
equation (1) to calculate compressor pov
N =assumelstagecompressor.

k=1.41.
k-1
_ 144 NP1Vk Q Nk _ o .
HP = s '[(m) 1] equation (1)

P1=14.1ps at sealevel.
P2= 15.95 ps (14.5 psi+ 1.45 psi) for air flow 0.1kg/s

(0.22 Ib/s)in a two stage compression flow, shown in table
2.
V= 212 cfm, from table2.
HP = 1.64 horse power or1.223kW

Assuming adiabatic compression (or expansion) te
place without transmission of heat. It is clear nfi
equation (1) that as compressor output pressure
increases compressor power requirements increase!
therefore more overafiollution emissions. Aim is twork
with minimum pressure levels.

APPENDIX Il

Specific CFD software setup is shown in this seci
Other setups not described here shall be as pavae!
default settings.

Turbulence Model used

A brief description of ksmega or -® turbulence model
is given by Professor Brian Spalding (2([6] is shown
below;

The first twoequation turbulence model was the -
OMEGA model of Kolmogora [1942]. This model,
which is also known as the KE and k-w model, involves
the solution of transport equations for the turbtikinetic
energy KE and the turbulence frequency F. It shdagi
mentioned that other workers define F as the raRoto
KE, where EP is the dissipation rate of |

Several different and improved versions of Kolmagg:
model have been proposed, including those of:
[1974], Spalding [1979], Wilcox [1988], Speziale &k
[1990] and Menter [1992].

The KE+ model of Wilcox [198] has been selected for
use in PHOENICS, mainly because it is the n
extensively tested and it includes a -Reynolds-number
extension for neawall turbulence

Although the KEF model is not as popular as the -
EP model, it does have several advars, namely that:

a. the model is reported to perform better in trangi
flows and in flows with adverse pressure gradi

b. the model is numerically very stable, especiallg
low-Re version, as it tends to produce converged sois
more rapidly than the &psilon turbulence models; &

c. the lowRe version is more economical and ele¢
than the low-Re lepsilon models, in that it does r
require the calculation of wall distances, addiosource
terms and/or damping functions based on the fric
velocity.

The main weakness of the -F model is that unlike the
KE-EP model, it is sensitive to the f-stream boundary
condition for F in freeshear flows. Modified variants exi
which claim to remove this sensitivity, but Wilcfk988]
notes that it isa desirable feature for transitior
applications.

Equations and description shown below, also give
Wikipedia K-Omega [7iurbulence model (2014) secti

N S N TR S
o T ar, Lo s ) o
ot g () 00 el e
ot d;  k P =i +8x,— AP dz;|  w Ox;0x;
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K-omega (ke)) turbulence modelis a common two-
equation turbulence model in computational
dynamics that is used as a closure equation
the Reynolds-averaged Navier—Stokes equations.
model attempts to predict turbulence by two parti
differential equations with the first variable bgin
the turbulence kinetic energy while the second dpdhe
specific rate of dissipation.

The first transported variable is turbulent kinetiergy,
k. The second transported variable in this casehés t
specific dissipationw . It is the variable that etatines
the scale of the turbulence, whereas the firstabéeik
determines the energy in the turbulence.

ﬂuéﬁmpression), 2-3 isobaric (heat addition), 3-ialaatic

T

Processes decryption of Fig 13; 1-2 adiabatic
pansion), & 4-1 isobaric (heat rejection). A emsed
rayton cycle, known as the Bell Coleman cycle. As

discussed, the difference between current practiebere

an expander is used) and this paper, where no dgpas
used, but working with a series of compression and
expansions stages, where heat is being rejectezhat
stage.

Based on Figl3 T-s diagram and assuming air anl idea
gas, the isentropic relationship equations are rgéed
(per a unit mass);

Refrigeration effect = Cp(T1-T4)

Specific model settings were based on k-omega fQjg¢ rejected = Cp(T2-T3)

turbulence models and inlet and outlet conditiofisis
selection was based on the description given aband,
was found to perform exceptionally well.

A transient analysis was run, with 10 time step.4
second per a time step. Each step consists oéggidns.
Mesh statistics

Meshing was created taking acre of boundal
conditions, with inflation layers applied as peftaare
default settings. Minimum element size = defaultlD6e-

4 m, max face size = 1e-3 m, and maximum size audief

3.421e-2 m.
Mesh Metrics; Minimum aspect ratio = 1.1575
maximum = 10.24, average = 1.865, and standa

deviation = 0.470.

APPENDIX Il

Ambient air flow

v

Heat exchanger

Compressor work= yL—1 (p2v2 — plvl) = Cp(T2-T1)
Expander work == y%l (p3v3 — p4v4d) =Cp(T3-T4)

According to C.P. Arora(2000)[9] discusses the a&bov
equations and shows a reduced equation of COP;

COP Z#
T1-T4
C.P. Arora notes (2000)[9] that such HVAC systems a

currently only employed in aircraft. The rotatiorsdeed

of compressor and expander turbines is in the ooder
100,000 rpm. An advantage of an open air cycle aver
closed cycle, is that no heat exchanger is reqdoedhe
refrigeration process, therefore, a weight and sasing.
However, the disadvantage of an open air systermwhe
compared with a closed cycle, is that if the retaimfrom

the cooled space is humid, the expanded at thetaoaitl
may develop fog or ice and possible clog the olitiet

In this paper this turbine
is removed. The heat

removalisaidedby a
series of compression

and expansion stages.

30f

?— Compressor

-warm

o

Temperature

': Turbine

¥

Reom alr - cooled

For a multi stage
compressionand

expansion, the curve; 2—2’

—3 canforexample be

modified to representa

two stage

compression/expansion

maodel.

Entropy {s) = (k/kg K)

Figl3.Above sketch shows a typical layout for a simpleropir cycle system as shown in a paper by C. NtoBai
(1992) [1]. While the lower sketch is a typical tm®dynamic air cycle T-s diagram representing theva mentioned
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sketch.
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