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Abstract

In this project a tempt of designing a refrigerator which using carbon dioxide (CO»)
as aworking fluid is to be performed . Carbon dioxide properties and its effects as a
refrigerant used in the refrigeration cycle , the environmental and economic effects
_coefficient of performance of cycle using CO, refrigerant , power consumption
,design and selecting of the required components of the cycle are to be analyzed and

studied .
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Chapter One

Introduction

This chapter talks about the project adjectives , the chemical and physical properties
for the carbon dioxide refrigerant that used as a working fluid in the refrigeration cycle
and its sources , and comparing that refrigerant with other refrigerants.

At the end of this chapter suggest the refrigeration cycle would be used .

1.1 Overview:

Carbon dioxide is a chemical compound composed of two oxygen atoms bonded
to a single carbon atom. It is a gas at standard temperature and pressure and exists in
carth's atmosphere in this state. It is currently at a globally averaged concentration of
approximately 375 part per million (ppm) by volume in the earth's atmosphere, although

this varies both by location and time. Carbon dioxide's chemical formula is COx.

R-744 is chemical reference for carbon dioxide (CO,) used as refrigerant which
will be used as working fluid in the transcritical refrigeration cycle that will be

constructing it.



1.2 The Project Objectives :

. Design a 0.78 kW cooling capacity refrigerating system utilizing CO,

as refrigerant.

. Design and selecting of the required components of the cycle are to be

analyzed and studied.

1.3 Carbon Dioxide Gas As Refrigerant

1.3.1 Historical background

Carbon dioxide was one of the first gases to be described as a substance distinct
from air which a small but important constituent of it with typical concentration about

0.038% and contains as much as 4% carbon dioxide. [1]

In general, it is exhaled by animals and utilized by plants during photosynthesis.
Additional carbon dioxide is created by the combustion of fossil fuels or vegetable

matter, among other chemical processes.

It was first liquefied (at elevated pressures) in 1823 by Humphry Davy and
Michael Faraday, the earliest description of solid carbon dioxide was given by Charles

Thilorier, who in 1834 opened a pressurized container of liquid carbon dioxide, only to




find that the cooling produced by the rapid evaporation of the liquid yielded a "snow" of
solid COs. [2]

It was already used as a refrigerant in the mid-nineteenth century and its use
steadily increased, reaching a peak in the 1920s. After that, the natural refrigerant was

displaced by chlorofluoro-carbons (CFCs) that operated at much lower pressures.

Due to the impact on the environment of CECs, and later HFCs, CO, was re-

evaluated as an alternative refrigerant in the late 1980s. [2]

Research activities for ozone depletion potential (ODP) and the global warming

potential (GWP) of the synthetically refrigerants are initiated since the 1990s.[2]

At the beginning of 1982s to the end of 1993s many applications have been
identified, where CO, is as good as or better than other refrigerants, e.g. as secondary

refrigerant or as refrigerant in the lower stage of a cascade cycle.[3]

The first commercial use of transcritical CO; Systems, in hot water heat pumps

starting from 1999s.

Producing Numeric simulation of an integrated CO, cooling system, modeling
and simulation of refrigeration systems with the natural refrigerant CO, in technical

university Hamburg-Harburg in 2000s.[5]

A new way to contain the high pressure was discovered by Professor Gustav

Lorentz and his group of researchers from Norway, giving way to the application of




transcritical R744 to different heating and cooling systems, however, for higher
temperature applications, the major challenge with CO; is low energy efficiency of

transcritical system due to the large throttling loss.

Recent research on carbon dioxides is pushed for mobile, in fuel cell electric
vehicles, automotive air-conditioning and refrigeration and has focused on the

development of a transcritical cycle.

1.3.2 Carbon dioxide sources:

> Naturally producing by all animals, plants.

. Generating as a byproduct of the combustion of fossil fuels or vegetable matter.
. Obtaining as output by volcanoes.

. Forming by combustion and biological processes including decomposition of

organic material.
. Obtaining from air distillation but this yields only very small quantities of CO,.

° Reaction between most acids and most metal carbonates:
H2S04 + CaC0O3 - CaS0O4 + H2CO3
The H2CO3 then decomposes to water and CO, .[6]

- Reaction between methane and oxygen.

CHs+20,- CO,+2H,0

o Forming by thermal decomposition of CaCO?3.

. Obtaining directly from natural carbon dioxide gas wells.
. Coming from the boilers at the bottom of the tall chimney.
. Coming from houses and using electricity.




1.3.3

Resulting from combustion processes include the reaction of a hydrocarbon with

oxygen as by-product flue gas stream.

Reasons for selecting carbon dioxide refrigerant (CO,, R-744)

Benefits for environmental:

Preventing the air from pollution in the case of leakage of the refrigerant into the
atmosphere.

Preventing the ozone damaging effect and reducing emissions of greenhouse

gases badly effect on environmental.

Environmentally clean, friendly to use.

commercial Benefits:

Little drawbacks include hi gh cost of carbon dioxide (COs, R-744) refrigerant,
which means very cheap when bought in industrial quantities, inexpensive
compared to costly synthetics hydrocarbons.

Space savings for piping arrangements (self-contained system), reducing costs of
piping arrangements and insulation.

Increasing Energy efficiency, i.e. offers up to 30% energy savings compared

with traditional heat pump systems for the same heating and cooling.



4. Benefits for technology:

. It is a naturally occurring substance that can be applied as a working fluid in
different heating and cooling applications, due to its excellent heat transfer
properties and its high volumetric cooling capacity.

. Can be applied in most car manufacturers in Europe, Korea, Japan and the US
All system and component suppliers, Institutes and universities all over the

world, related industries are either developing or are already in production with

COa,.
. Reduced size and weight.
5. Benefits for education and research:

Recently the scientists tends to use carbon dioxide refrigerant widely in the
refrigeration  world, so there are several continuous  education and
researches deal with this subject to complying with new technology and eliminate

using of other refrigerant gases because of their harmful to environmental

1.3.4 Physical and chemical properties of carbon dioxide as refrigerant

R744 is the chemical reference for carbon dioxide used as refrigerant has the

following properties[7]:




It freezes at -78.5 °C to form carbon dioxide snow at atmospheric pressure.
Liquid density: 1032 kg/m’.

Colorless, Odorless, Taste is neutral, Versatile material.

Liquefied, solidified Gases (can obtain dry ice).

Has no liquid state at pressures below 5.1 atm.

In an aqueous solution it forms carbonic acid, which is too unstable to be easily
isolated.

Latent heat of vaporization: 571.08 kJ/kg.

Vapor pressure: 58.5 bar.

Carbon dioxide is soluble in water.

Extremely low global warming potential, the global warming of CO is extremely
low about 1/13000f HCF 134a.

Reactivity does not react with oxygen, but will combine with other elements and
compounds.

Non-toxic :

Moderate concentrations, given the small system charge used for heating and
Cooling application ants .

Non-flammable :

Presents no risks in case of interaction with other substances or chemical blends.
CO; is applied in many fire extinguishers.

Non-ozone-depleting :

Does not contribute in any sense to the depletion of the ozone layer.
Environmentally friendly:

With a Global Warming Potential = 1, which reduces significantly the amount of
greenhouse gas (GHG) emissions released to the atmosphere, which are at the

origin of climate change.



The physical properties are shown in the following (figure 1.1) of pressure.

Temperature phase diagram for CO, [8].
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Figure (1.1): temperature pressure phases for CO,

From (figure 1.1) specific characteristics of COQ, are relatively high working
pressures, low critical point (+3 1°C), relatively high triple point (-56.6°C) at 5.1 atm and
high density compared to air. The latter may represent a certain danger to human health

it CO; should leak uncontrolled into confined.

1.4 Comparison Between (R-744) Refrigerant And (R-134a) Refrigerant:




The following table (1.1) indicates some comparison issues between R744 and

R134a refrigerants.

Table (1.1): comparison table issues between R744 & R134a refrigerants.

Eefrigerant Fzma J R744 / CO2

Natural no yes

Flammable

Combustion Product

Non toxic

Critical Temp.°C

ODP(Ozone Depletion
Potential)

Pressure. at 21°C in bar

GWP (Global Warming
Potential )

Specific Comparison for:

1- Packaging:

o Heat exchangers will be smaller at equal performance (capacity).
B Compressor and lines will be smaller (higher volumetric capacity).
. Integration of accumulator and suction line heat exchanger possible

(either stands alone or in place of current Integrated Receiver Dryer).




The packaging of R744 system into space used currently for HFC-1344
Offers a wide range.
The evaporator for CQ, systems is 25% smaller than the one

for R-134a systems.

The comparison packaging is shown in the following (figure 1.2).

R-143a R-744

Comprssor

bnes

pictures the zarne scale

Figure(1.2): comparison packaging

2- System cost:

10




As shown in the following (figure 1.3) as the time proceed the system cost for R-
744 refrigerant becomes less than the cost of R-134a refrigerant, and on the contrary
no Global Warming Potential (GWP) & Ozone Depletion Potential (ODP) issue for
R744 for exist of GWP issue related to R-134a [9].

System

Cost

GWP 135108

i
\ s
W Ridda ne GWP & ODF issys
\“ %
“x____ “

N R744

o oy
i

SOPRVS—— (S
i

1982 2012 tima

Figure (1.3): System cost

3- Technology

R-744 shows advantages in comparison with R-134a:

. Better cooling performance and efficiency.
. reduced emissions thanR-134a.
. Possibility of supplemental heating system

4- Energy demand:

11




Compared to R-134a systems, CO, unit needs 30%, less energy to provide the

same amount of cooling, means reduced fuel consumption for R-744 system.

This comparison was taken from [10].

1.5 Suggested Refrigeration Cycle For Carbon Dioxide.

Compressor
(adiabatic)

~, Gas cooler

section
TJ = / q Spﬂm L

Space heater
e et ) Refrigerant R744

~ 4 comp

@)J_ (Carbon Dioxide) ___{:D Py
~ Internal heat
P4=P3-p2 | exchanger
T « (adiabatic)
Throttle (4) A
(adiabatic) Levap B —1—7)P7 = P
O L “il
L ' -
“h\g Evaporator P3=Ps
Te = _10ec

Figure (1.4): model refrigeration cycle for carbon dioxide

As shown in (figure 1.4) the main components of a CO,-Refrigeration cycle are:

. Compressor.

° Space heater (gas cooler section).

12




. Internal heat exchanger.
. Throttle (expansion valve).

. Evaporator.

Principle operation for cycle

The path represented by 1-2-3-4-5-6-7-1in figure(1.4) shows compression (1-2),
isobaric heat rejection at space heater (2-3) , isobaric cooling in the intemnal heat
exchanger (3-4), adiabatic expansion (4-5), isobaric evaporation (5-6),in the suction line
the gas may experience both a pressure drop and a temperature increase(6-7),and

1sobaric superheating at internal heat exchanger (7-1).

The analysis of this cycle in chapter two .

13




1.6 project Schedule

Table (1.2): Project plan for the first semester

Week

Activity

11

12

13

14

15

]

Choosing
Project Title

Data

Collection

CO, Properties

Studying

Pervious
Refrigeration

Cycle

Calculation &

Design

Writing&
Printing

Preparing The

Presentation

14




Table (1.3): Project plan for the second semester

Week

Activity

Data

Collection

Gas Cooler

Design

|

1.5

16

Internal  Heat
Exchanger

Design

Evaporator

Design

Electrical

Writing&
Printing

S S S .

i B Ere e ey

Preparing The

Presentation

L

15




1.7 Project budget

Grand Total 7

| 820N1S

Table(1.4): Estimated cost
Item # Item Price (NIS) ‘
1 Internet 120 1
“ Journals and paper 420 T
3 Print 280 !

7

16




Chapter Two

Analysis of carbon dioxide refrigeration cycle

2.1 Introduction

This chapter calculates cooling capacity (Q.) for refrigeration chamber. That is
to find the mass flow rate of refrigerant (1h ) , and then analyze the cycle by calculating
its coefficient of performances (COP) & power consuming (W) by depending on the
given temperatures of €vaporator and outlet gas cooler temperature (T3), these
calculations could be through thermodynamic and conservation of energy laws, using
p-h diagram and tables of properties for R-744 refrigerant , and using  software

program (cool back) .
2.2 Cooling Load Calculations

Calculating the cooling load for refrigeration cubic chamber as shown in (figure
2.1) based on taking the refrigeration space temperature ( tg;s = -10 °C) and the out side

temperature (t,,, = 30 °C ) , the area of refrigeration chamber sides are identical

(4 = 0.5m x 0.5m).it contains 6 litters of water for freezing during 2 hours .

17




Figure 2.1: the suggested refrigeration cubic chamber
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2.2.1 Walls, Ceiling, Floor & Door Heat Gains

The heat transfer rate through the walls, ceiling, floor and door is given by:

" — g # _ B
Qwall - :‘".‘.'s.[l' U'.val[ ' (ktR,-"S‘ tout,"
chilmg = Aceiling" Ucetiing' (gtR,fS L tou:)

g %
. -_— A - 3
Qﬂoor — Maar Uﬂoor' U:R,f's toul:,'l

Qdoor = Adc-o:" Udoor' {:t?\;“s = tout}

Where:

tour: Out side temperature [°C].

trs © Refrigeration space temperature [°C.

Qwai : Heat transfer rate through the wall [W].

Awar  The surface area of the wall [m?].

U.varp - Overall heat transfer coefficient for wall [W/m?. °C] .
Qcsitins - Heat transfer rate through the ceiling [ W]

Aceiling : The surface area of the ceiling [m?].

Ucsiling - Overall heat transfer coefficient for ceiling [W/m>. °C].
Qico- : Heat transfer rate through the floor[ W]

Afoer © The surface area of the floor [m?).

Uges- : Overall heat transfer coefficient for floor [W/m?. .
Qeacor  Heat transfer rate through the door [ W]

Agoor: The surface area of the door [m?].

Ugoor: Overall heat transfer coefficient for door [W/m?. °C]

19




the walls, ceiling , floor and door have the same construction layers as shown in (figure

2.2).

1.5mun

S

9.7om

1.5mm

N

—

=

7 \w\\\\ \\\

s \\\\m\ \\ 7

i;i

/,,

Polystyrene

ezs stae]

Stainls

ety

20



Figure 2.2: construction layers for the walls, ceiling, floor and doo
so the overall heat transfer coefficient (U) for walls, ceiling , floor and door have the

same values given by :

1
U=
i‘f‘ xstan. e xl"?l}’- s xstam +
hin Ks tan. Kpoly Ks tan. out
Where :

hi, : The convection heat transfer coefficient of inside air in refrigeration space [W/m’.
Cl.

hou: : The convection heat transfer coefficient of outside air [W/mz. °Cl.

Xsun - The thickness of the layer of the Stainless steel[m].

Kswn: The thermal conductivity of the Stainless steel [W/m. °C].

Xpoly: The thickness of the layer of the Polystyrene [m].

Kpoly: The thermal conductivity of the Polystyrene [W/m. °C].
So the value of overall heat transfer coefficient is:

1 20
U=— 00015 0.097 00073 - =0285 W /m*2C

+ +
9.37 15.6 0.029 15.6 15

The values of heat transfer rate through the walls, ceiling , floor and door

O = 0.285% (0.5%.05)x (30 = ~10)

are: = wall
=0.00285 [k W]

Qwu/ !

Ot = O,y X number of wall
O, =0.00285x% 4

=< wall

O... =0.0114[kW].

21



Qﬂw =0.285%(0.5x0.5)x (30--10)
Q toor = 0.00285 [£W7].

Q(/oor' =0.285x (05 >4 OS) X (30 _ _10)
Oty = 0.00285[ kW]

The all heat transfer rate through the refrigeration chamber :

Qul[ = Qwa[[ +Qﬂoor +Qdoor
Q. =0.0114+0.00285+ 0.00285
Q,, =0.0171 [kWV]

2.2.2 Product heat gain

The heat transfer rate gain from product is :

_ O+ + 0,
meducf - -

O, =mxc,xAt
O, =mxAh

O, =mxc,xAt
where:

9] : packing heat load [kW]

= product

: mass of product [kg]

product

22



C, : packing material specific heat [ ki/kg.°C]
At : difference temperature between out side & refrigerator space [°C].

7 : time of cooling load [sec]

0, = 6x4.18x(30-0)
0, = 752.4[kJ]
0, =6x333.7
0, =2002.[kJ]

0, =6x2.05x(0--10)

0, = 123[k/]

752.4+2002.2+123.
Q oroduct
’ 7200
O . =039kW]

= product

2.2.3 Infiltration Heat Gain

The heat transfer rate gain from infiltration is:

Qinf eltration — V X ,0 X (haul . hz‘n)

23



Where :

V : the volumetric flow rate of infiltration of air [m’/h]

p  density of air [ kg /m”’]

h,,: enthalpy of outside air [kJ/kg] which equal (71.5[kJ/kg]).

h,,: enthalpy of air inside the refrigeration chamber[kJ/kg] which equal (-8.6[kJ/kg)).

By using Psychometrics Demo software, at T,.,. (4ry buib)=30°C and relative humidity
=55% [9].

By using Psychometrics Demo software, at T.,,(4ry vulb)=--10°C and relative humidity
=45% [9].

hin = —8.6[K/kg].

From table (A.1) Average air infiltration rates in L/s due to door opening, the value of

1 =0.041 x 1077
Qinfe/!rulion =10.041x 10_3 x1.2x (715 - "86)

@)

= inf eltration

=3.9[W].

2.2.4 Door heater heat gains
Q,=mn,xp

Where:

24



p :power of heater, take as 60[ W]
7, : heater using factor

0, =1x0.60 = 0.060 [KW].

The total heat gain is :

Q:om/ = le/ L3 Q[)ro(/ucl 1 Qinf eltration + Oh

O = 0.0171+0.39+0.0039 + 0.06
O, = 0.47[kW]

= total
The total cooling load IS:

Total coolingload = Qugpq + { Qropay = SF)
Total coolingload = 0,47 + (0,47 < 0.1)

=0

(5]}

T
1 kW]

The cooling capacity is:

_ TCLx24
~°  Working time
0.51x24
Qe - 16

0. =0.78[kW].
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2.3 Cycle Analysis

This section analysis transcritical carbon dioxide refrigeration cycle as shown in
(figure 1.4) operating between two pressure limits (high pressure Py = 80[bar] = 8000
[kpa] & low pressure Py = 22.91[bar] = 2291 [kpa]) ,with pressure drop in suction line
(AP = 0.21 [bar] =210[ kpa]),with refrigerant tempreture at outlet compressor (T, =
145.8[ °C]) , cooling capacity (Q,= 0.78[ kW]) which found in previous section .

Analysis procedures :

* using p-h digram for carbon dioxide refrigerant (R-744)

-
| ¥ R was Pepn a3

D57 Dipretus ol Pusip Pagimesing i | J i / ¥ i § ¥,
SEGEL ] e i Fall] ‘ | | 4 y ' J 4 4 1 { ‘
LA R R f ‘ [ d { ¢ ) { / s ]

UL Rt

[Baz)

Presxuge
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Figure 2.3: p-h digram for carbon dioxide refrigerant (R-744).
By operating conditions and using p-h digram of refrigerant( R-744) can be
determined the physical properties for states of the refrigeration cycle which labeled in

the fllowing Table 2.1 .

Table 2.1: physical properties for states of the refrigeration cycle

State .| Temperature | Enthalpy Pressure Specific Density
point T h p volume o
# °C) (kV/kg) (kpa) (kg/m?)
(m’/kg)
) 53 460 2270 0.019 51.4
Y 145.8 576 8000 0.0087 114.8
2S 103 523 8000 _ B
3 30 282 8000 0.00142 703
4 27.2 270 8000 0.00133 748
5 -15 270 2291 B B
5 -15 433 2291 B _
6 -10 442 2291 0.0172 58.1
i -5 448 2270 0.0180 55.5

By using table 2.1 can be calculate the following :
. The refrigeration effect is :

q, = he—he

27



Where :
q.: The refrigeration effect[kJ/kg].

h : Specific enthalpy for refrigerant after evaporator [kJ/kg].

h; : Specific enthalpy for refrigerant before evaporator [kJ/kg].

qe = (442 -270) =172 [kJ/kg].

° The mass flow rate is :
. @
m o= —
q.
Where:

m : mass flow rate of the refrigerant [kg/s].

@Q.: the cooling capacity [kW]

078 _ . .
o= e 0.0045[Kg/s]
o the compressor power is :
WC: y) (hp_ ad hl)

Where :
W.: The power input of the compressor [kKW].

h,: Specific enthalpy for refrigerant before compressor [kJ/kg].

h,: Specific enthalpy for refrigerant after compressor [kJ/kg].
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W, = 0.0045(576 - 460) = 0.522 [kW]

B the gas cooler heat transfer rate is :

Qo =7m2(h; — hy)
Where:

Q. .c: gas cooler heat transfer rate [kW].

h,: Specific enthalpy for refrigerant before gas cooler [kl/kg].

h;: Specific enthalpy for refrigerant after gas cooler [kJ/kg].

We find h; from energy balance at heat exchanger, the energy balance at heat exchanger

gives by:
hy-h; =h;-h
h; =h; +hs-hs
where :

h;: Specific enthalpy for refrigerant at low pressure before heat exchanger [kJ/kg].
h.: Specific enthalpy for refrigerant at low pressure after heat exchanger [kJ/kg].

h;: Specific enthalpy for refrigerant at high pressure after heat exchanger [kJ/kg].
h

-+ Specific enthalpy for refrigerant at high pressure before heat exchanger [kJ/kg].

hy =270+460 - 448 =282 [kJ/kg]
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Q.= 0.0045(576 - 282) = 1.32[kW]
o the refrigeration coefficient of performances are :
Qs _ beh:
COP,:QL‘L' ng - W . E,:_,,.L
0.78
COP, ™ =1.46
TENTRS 4,64
Q i3]
cor sating =B
o W
[
1.32
B, = = 2.53
neRiE 0552
. COpP* = :'r.‘u:é:»_-—’ﬂ
Where:

COP* is the ratio between the supply of energy (mass flow multiplied by enthalpy
difference) to the refrigerant from the outlet of the condenser to the inlet of the
compressor[cool back].

_ 0.0045(460-282) . G

1.32

* For the Carnot vapor refrigeration cycle, the coefficient of performance is:
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Where:

COP,4rn0:: Represents the maximum theoretical coefficient of performance of any
refrigeration cycle operating between regions at T and Ty |
T,: is the evaporating temperature [k].

T¢;: 18 the temperature of the refrigerant leaving the gas cooler [k].

cop {(—15+273) 258 57
RENSE T {sos2iE)={=15+378) 48
* the compressor isentropic efficiency is:
h:s - hi
n =——

Where :

n.:isentropic efficiency which accounts the effect of irreversible compression

h,.: Specific enthalpy after compressor due to isentropic compression [KJ/Kg].

n.= = 0.69
¢ 537B—<%a0
° The Carnot efficiency is :
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Chapter Three

main component Cycle Design

Introduction

The entire system (carbon dioxide refrigeration system) has been designed based on
energy balance of individual components yielding conservation equations presented
below. To consider the lengthwise property variation, all the three heat exchangers (gas
cooler, evaporator, and internal heat exchanger) have been discredited and momentum
and energy conservation equations have been applied to each one of them. The

following assumptions have been made in the analysis:

1. Heat transfer with the ambient is negligible.

2. Only single-phase heat transfer occurs for water.

3. Compression process is adiabatic but not isentropic.

4. Pressure drop on waterside and in connecting pipes are negligible.

5. The inlet and outlet temperature for the water of the gas cooler are equal 25°C and

81°C respectively.
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3.1 Compressor

The refrigerant mass flow rate through the compressor is given by,

m = X, XV X===
ref pl v s 6

Where:
Vs: Swept volume of compressor [m”].
p1: Density [kg/m’].

m,..-. Refrigerant mass flow rate [kg/s].

ny: Volumetric efficiency dimensionless unit.

N: Compressor speed [rpm)].

Where volumetric efficiency 7, for semi-hermetic compressor is estimated from [11]:

n, =0.9207 —0.0756(L4x) + 0.0018(Lds.)?

Suc Suc
Where:
Pyis : Compressor discharge pressure [bar].

Psuc: Compressor suction pressure [bar].
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n, =0.9207 - 0.0756(—&) + o.()018(—8i)2
22.7 22.7

n, =0.9207 - 0.0756(3.5) + 0.0018(3.5)?

n, =0.68

The isentropic efficiency of the compressor is given by,

_ (hzs - h1)

nz’s e
’ (h, =k )

And is estimated by employing the following correlation for the semi_ hermetic

compressor [§].

n,,. =—-0.26+0.7952(L4) ~ 0.2803(L42)? 4 0.0414(Leiy? _ 0.0022(Lekey*

n,, =—026+ 0.7952(—80—) - O.2803(ﬁ)——)2 + 0.0414(ﬂ)3 - 0.0022(——8—0—)4
' 22.9 227 22.7 22.77
ng. =046

e When we choose the swept volume for compressor is 90 ccm.

Then:
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0.0045 = 51.4x 0.68x 150x 10" XBNB

3.2 Design Of Gas Cooler

One of the computational segment of gas cooler (double pipe counter flow

heat exchanger) is shown in Fig( 3.1).
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Water flow

Figure ( 3.1) : A computational segments of segment of gas cooler

3.2. 1 Calculation of heat transfer rate for gas cooler

Employing energy balance, heat transfer in gas cooler is given by:

Q.= ’href (h2 —h’j)
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Where:

Q.+ Gas cooler Heat transfer rate [W].

., ;- Refrigerant mass flow rate [kg/s] which equals (0.0045m/s) , is found in chapter

two.

hy: Specific enthalpy for refrigerant before gas cooler [kJ/kg] which equals (576[
kJ/kg]) , is found in chapter tow.

h3: Specific enthalpy for refrigerant after gas cooler [kJ/kg] which equals (282[ kl/kg]) ,

is found in chapter two.

So the gas cooler heat transfer rate equal :

Qéc = mref (h2 —h3)

0, =0.0045(576 - 282)=1.32x10°[¥]

3.2.2 Calculation of over all heat transfer coefficient area of the gas cooler

Employing LMTD (Logarithmic Mean Temperature Difference) expression , heat

transfer in gas cooler is given by :
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(Tgcl -TO) . (Tgco
“ In((T

Q. =(U4)

I )
¢ gci—Ta)/(T _I;)

gco
Where:

(UA)gc : Over all heat transfer coefficient area for the gas cooler [W/K].

Tgei © The temperature of refrigerant at the inlet of the gas cooler [°C] which equals

(148.8°C) , is found in chapter two .

Tgeo : The temperature of refrigerant at the outlet of the gas cooler [°C] which equals

(30°C), is found in chapter two .
T: Inlet water temperature [°C].

To: Outlet water temperature [°C].

So the Over all heat transfer coefficient area of the heat transfers for gas cooler equal:

(145,881} ~(30~125)
“ In((145.8 - 81)/(30 - 25)

11760 = (U4),

(UA),, =56.6[W /K]
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3.2.3 Calculation of the refrigerant pipe diameter

¢ The velocity of the refrigerant that enters the refrigerant pipe of the gas cooler at

vapor phase , is supposed to equal :
U, = 15 mis.

% The wall between the refrigerant and water pipes in the gas cooler has a

temperature which is supposed to equal:

T.=68°C.

%+ The reference temperature of the refrigerant equals :

. T\'y'[cc] + T PEYRGS [’:C]

t<J |y

To find the average temperature of the refrigerant that flows inside the refrigerant

pipe , the following equation should be used :

™ = ™
taverags —(Tgci+‘gso )/2

Toverags = ot = 85.4[°C].
Then,

- 68~854 _
“:':‘ L-= 3 =/'“/[‘C:l
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By the principle of the mass conservation (continuity equation ) for the carbon

dioxide refrigerant that flow through the refrigerant pipe with supposed velocity (i, .

=15 m/s),the diameter of the inside pipe (refrigerant pipe) is calculated by the following

equation :

Where :

P»sy: The density of the refrigerant at T, -, Kg/m’].

?'."ZL-E[
u,., .- Refrigerant velocity [m/s].
4,1 Cross sectional area of the refrigerant pipe [m*].

By using Pace software, the value of the carbon dioxide refrigerant density at

T, .srme-and 81 bar equals [12]:

¥rsSeync

Pyur = 168K g/m?

So the diameter of the refrigerant pipe equals:

l' 4 X '{7:2 rsf

d..s = }
_“ T >< L"'.'*s_." X pl"l:"j-

maf
ey

Then,
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|
|4 X004
dyy; = |——————— = 00015 [im],
o Jmx15x 168

By using Copper Tube Hand Book from table A2, the selected pip is type K with
standard size 1/4 (0.00635m) inch , and its wall thickness is  0.035 inch(0
.00008m)[13].

3.2.4 Calculation of Reynolds number for the refrigerant in the refrigerant pipe.

** Reynolds number at reference temperature for the refrigerant that flows inside

the refrigerant pipe is calculated by the following equation:

_ prejb x “ref X dref

Re RS

IL 4 refb

Re,. s, Reynolds number at reference temperature for the refrigerant that flows inside

the refrigerant pipe, is dimensionless unit.

d,.;+ The diameter of the refrigerant pipe [m].

Moefp:Viscosity of the refrigerant that flows inside the refrigerant pipe af Tpgrones [~—9—]
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By using Peace Software , the viscosity value of the carbon dioxide refrigerant that

flows inside the refrigerant pipe at Thisermes@nd 81 bar equals [12]:

Moy =2.07x 107 Kg /(m.s)

So Reynolds number at reference temperature equals:

168x15%x0.0015
Rereﬂ) = =8
2.07x10

=182608

** Reynolds number at wall temperature for the refrigerant that flows inside the

refrigerant pipe is calculated by the following equation:

R _ P refw xU ref s dref
erefw -
H refw

Where,

Re,.:,: Reynolds number at wall temperature for the refrigerant that flows inside the

refrigerant pipe, is dimensionless unit.

d,.:: The diameter of the refrigerant pipe [m].

=

HoosiViscosity of the refrigerant that flows inside the 7 efri

refrigerant pipe at T,

i

]

PO ¢ X
YO

{m.s)

By using Peace Software, the viscosity value of the carbon dioxide refrigerant that

flows inside the refrigerant pipe at T,._,;and 81 bar equals [12]:
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Hegy =2.08x107 [Kg /(m.5)].

By using Peace Software, the density value of the carbon dioxide refrigerant that

flows inside the refrigerant pipe at Tizpand 81 bar equals [12]:

prefw o 182[Kg /(m3)]

So Reynolds number at wall temperature equals:

182x15%0.0015
erefw = -5
2.08x10

=196875

3.2.5 Calculation of Nusselt number for the refrigerant in the refrigerant pipe

To estimate Nusselt number for the refrigerant, Gnielinski equation is suitable for
channel due to large variation of fluid properties in the radial direction. To alleviate this
deficiency, Pitla et al. [14] proposed a modification for transcritical in-tube carbon
dioxide cooling, Incorporating both reference (bulk) and wall properties. This

correlation, used for gas cooler model, is given by:

lrw * Nu/'/} ) Krw
9

N
Nu, =( : > 7

rb
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where ,

Nu, ‘Nusselt number, for the refrigerant that flows inside the refrigerant pipe, is

dimensionless number .

Nu, Nusselt number at bulk temperature for the refrigerant that flows inside the

refrigerant pipe , is dimensionless number.

Nu © Nusselt number at wall temperature for the refrigerant that flows inside the
w

refrigerant pipe, is dimensionless number.

k,  :Thermal conductivity atreference (bulk) temperature for the refrigerant that flows

inside the refrigerant pipe [W/(m.K)].
k., :Thermal conductivity at wall temperature for the refrigerant [W/(m.K)].

dy - Diameter of refrigerant pipe [m].

% To find Nusselt number at wall temperature for the refrigerant that flows inside

the refrigerant pipe, the following equation should be used:

(/! 8)(Re,;,~100) Pr

refw

107 +12.7(1,, 18 (Pr, 2 - 1)

reyw

Nu

Where:
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: Friction factor at wall temperature for the refri gerant in the refrigerant pipe, is

dimensionless number.

Pr & Prandtle number at wall temperature for the refrigerant in the refrigerant

pipe, is dimensionless number.

To find Friction factor at wall temperature for the refri gerant that flows inside the

refrigerant pipe, the following equation should be used:
Jow = (0. 7191n(Re, . ) —1.64)7
By using the value of Reynolds number at wall temperature for the refrigerant in the
refrigerant pipe which is calculated previously, the friction factor will be equal:
Srw =(0.791n(196875) - 1.64)2 =0.0156

By using Peace Software , the value of Prandtle number for the refrigerant that flows

inside the refrigerant pipe at T, _,,and 81 bar equals [12]:

Priesy = 1.19 this number exists within Gnielinski range of Prandtle number.

Then the nusselt number for the refri gerant at wall temperture equals:

(0.0159/8)(196875 ~1000)1.19
™ 1.07+12.7(0.0159/8)"2(1.19° -1)

Nu =231
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< To find Nusselt number at reference temperature for the refrigerant that flows

inside the refrigerant pipe, the following equation should be used:

(/,» /8)(Re,,~100)Pr, ,
" 107+127(5,, /8) 2 (Pr, - )

Nu

Where:

S Friction factor at reference temperature for the refrigerant that flows inside

refrigerant pipe , is dimensionless number.

Pr,_eﬂ) : Prandtle number at reference temperature for the refrigerant that flows inside

refrigerant pipe, is dimensionless number.

To find Friction factor at reference temperature for the refrigerant that flows inside the

refrigerant pipe, the following equation should be used:

f» = (0.791n(Re, ;) —1.64)

By using the value of Reynolds number at reference temperature for the refrigerant
that flows inside refrigerant pipe which is calculated previously, the friction factor will

be equal:

S =(0.79In(818260) —1.64) =0.0158
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By using Peace Software, the value of Prandtle number for the refrigerant that flows

inside the refrigerant pipe at T, - .and 81 bar equals [12]:

Prre, = 1.09 this number exists within Gnielinski range of Prandtle number.

Then the nusselt number for the refrigerant at reference temperture equal:

_ (0.0158/8)(773043-1000)1.09 _ o~
1.07 +(0.0158/8)"*(1.09%* - 1)

rb

By using Peace Software, the value of the thermal conductivity at T,._,,and 81 bar

equals [12]:
K. =0.030 [W/m.°C] .

By using Peace Software, the value of the thermal conductivity at Toararnzsand 81bar
equals [12]:

&, =0.029 [W/m.°C ].

Then Nusselt number for the refrigerant that flows inside refrigerant pipe equals :

t,, + Nu

Ni
Nu, =( - 5

K
rb rw
) K,

rb

B, (231+236) 0.030 _
2 0.029

288
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3.2.6 Calculation of convection heat transfer coefficient for the refrigerant in the

refrigerant pipe

The convection heat transfer coefficient for the refrigerant that flows inside the

refrigerant pipe is calculated by the following equation:

Ni
ar = “r Krb
d
ref
Where,
«. + Convection heat transfer coefficient for the refrigerant [W/(m”.K)].

Then the convection heat transfer coefficient for the refrigerant in the refrigerant pipe
equals :

a, = . x0.030 = 5762[ W /(m* ¢)]
0.0015

3.2.7 Calculation of water mass flow rate in water pipe.

48



The water mass flow rate ( Ygewe ) Which is required for the gas cooler could be found

as the following equation:

i - Qﬁ
Mrgew — I
Cp,',__ X rTD L)

Where;

M gq.- Water mass flow rate (external fluid) [kg/s].

Cpw : Water specific heat [kJ/kg.°C].

So the water mass flow rate equal:

. 1.32 0.0056[ m/
Moy = , - ULUos m/s].
Y 418 X (81 — 25) ]

3.2.8 Calculation of the water pipe diameter

* The velocity of the water enters the gas cooler at liquid phase, is supposed to be

equal :

u=0.5[m/s].

% The wall temperature of the gas cooler is supposed to be equal:
Tw=068[°C].
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** The reference temperature of the water is to be equals :

. T'[:C} i3 T".-‘EZ"C_;S [:C]

r

XS]

To find the average temperature of the water that flows inside the water pipe,

the following equation should be used:

n
1w,
i3]

LY
m
(5]

25+

Fowarags =——=58]"C].

g -

[#s]

- 6 K3 53 - =~
rw's,:ir‘ncﬁ[LC} == bOS[L‘]

2

By the principle of the mass conservation (continuity equation ) for the water that
flow through the outside pipe with supposed velocity (uyaer =0.5 nv/s),the diameter of

the outside pipe (water pipe) is calculated as the following equation :

Mecw = pwufer xu

X
water water

. o 3
Puazert The density of the refrigerant LY o

Uwater: Water velocity [m/s].
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A, azer Cross sectional area of the water pipe [mz].

By using Peace Software, the value of the water

equals [12]:

Puaer =952kg / m’

So the diameter of the water pipe equals :

| .
+ | 4 X M gesy

walsy

l)'?,' X IL‘-‘.’LT.CE?' X p’-‘»’ﬂt‘.‘:"

Then,

By using Copper Tube Hand Book from table A2,

density atT, and 1 bar

sfsracs

the select pipe is type K with

standard size 1 /2 inch(0.0127),and its wall thickness is 0.049 inch(0 .0012m)[13].

3.2.9 Calculation of Reynolds number for the water in the water pipe
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% Reynolds number at reference temperature for the water that flows inside the

water pipe is calculated by the following equation:

R e o p water <u water X dwaler
/'I water

water

Where;

Re tRevnolds number dimension!

! v i
WREEY

By using Peace Software, the value of the water viscosity at T of the water

refernce

and 1 bar equals [12]:

Hrer = 0.00046 Kg /(m.s).

So the Reynolds number for the water equals:

952x0.5%0.0038

€, = =4014.9
0.00046

3.2.10 Calculation of Nusselt number for the water in the water pipe
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* To find the Nusselt number of the water, the following equation is used:

NZ‘W(IIBI‘ = 0'023 x (Re water )OS X (erH[EV )04

Where,
Pryaer: Prandtle number for the water dimensionless number.

By using Peace Software, the values of thermal conductivity and dynamic viscosity

for the water at T

rofarnce

of the water and 1 bar equals [12]:

Koer = 0.06106[ / m.K]

Wypeer = 0.0000452 [kg/(m.s)]

By using Peace Software, the value of Prandtle number at the reference temperature

of the water and 1 bar equals [12]:

pr =585

Then the Nusselt number for the water equal:

Nt yier = 0.023% (4014)"° x (585)°* = 662
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3.2.11 Calculation of Hydraulic diameter for the water in the water pipe

To find the Hydraulic diameter of the water the following equation is used:

- W g WRUSY Ctwnisyr
Dy = 2
s 1"2,‘,,"1::5?.

Then the Hydraulic diameter for the water equals :

13141 X 0.00046 X (0.0015% x _fJ‘w
DH, oon = - = 0.0037[m]
et 0.0056

v

[t
b

3.2.12 Calculation of convection heat transfer coefficient for the water in the
water pipe

The heat transfer coefficient (convection heat transfer coefficient) for the water is
calculated by the following equation:
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— le‘lI[G)‘ NLl

(94
water water
DH

@ arer : Convection heat transfer coefficient of water [W/(m® K)].

K..aser: Thermal conductivity of water at reference temperature of the water [W/(m.K)].

Dy: Hydraulic diameter [m].

Nu * Nusselt number for water dimensionless number.

wuater

Then the convection heat transfer coefficient for water equal:

= 2819 665 10801607 /(m*.C)]
0.0037

3.2.13 Calculation of gas cooler length.

Overall heat transfer coefficient for the gas cooler has been calculated by using

fundamental equation for overall heat transfer coefficient yields:

1 1 In(d, / d,) 1
(UA)gc arAref 27ZZgCKw awuler Awuter
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Where:

d.: The outer diameter of the refri gerant pipe [m].

Lgc: Gas cooler length [m].
Ky: Thermal conductivity for copper wall [W/(m.k)].

A, Heat transfer area of the refrigerant pipe [m?].

A, ceor Heat transfer area of the water pipe [m’].

To find heat transfer area of the refrigerant pipe, the following equation should be used:

Amf =70l

ref ' gc

Where:

d,.: The inner diameter of the refrigerant pipe[m].

To find the heat transfer area of the water pipe, the following equation is to be used:

water — T8 ey gc

To find the gas cooler length, the following equation is to be used:
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Sref Sugrer Oray acerinldy/dypg T3y qrer @y arer Syt
I 2 rr @ K Ry rer Bpanar 3
L 503012388 0.0015: “E7EI+0.0015 X 5762 105016 HOL038IM 00017 /00015 J+2X 00038108016 388
Tae : S 0 (108016
L-gc = 2.1m

3.2.14 Calculation of pressure drop in the gas cooler.

The pressure drop in the refrigerant pipe of the gas cooler is given by[15]

Ap,. = (§

—+1.2)
2p,e/b

[ ref

Where:

Ap,.: Pressure drop in refrigerant pipe [bar]

erant pipe[kg/(m*.s)]

lgerant pipe dimen
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The mass velocity of the refrigerant that flows inside the refrigerant pipe of the gas

cooler is given by:

m.. s F

Where:
Are: Cross sectional area of the refr gerant pipe [m”].

Then ,the mass velocity of the refri gerant in the refrigerant pipe equals:

0.0045 kg
—— = 2518 [‘—,‘S'] .
T X 0.0045%) /4

s

G, =
(

The friction factor for refrigerant in the refrigerant pipe of the gas cooler is given by:

5, = (1'821H(Rerefw)_l-64)—2 prefw (M)é
pmﬂ’ lureﬂ:

Where;

s: Exponent factor

Q
e
=

—
=
<
W,
-
=
L
-
ke
Loy
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The exponent factor for refrigerant in the refrigerant pipe of the gas cooler is given by:

0.42
0, /

r

s =0.023

Then ,the exponent factor for the refrigerant in the refrigerant pipe equal:

0.42

s= 0.0231@

1263

=0.06 (W.m*s)/ kg

Then, the friction factor for the refrigerant in the refrigerant pipe equals:

2 2. =s
£ = (1.821n(833437) - 1.64) 2 122 207 X107 o

=2.00x107 .
168 2.08x107° .

Then, the pressure drop for the refrigerant in the refrigerant pipe equals:

2 L.
Apgc: G, (6}‘“0.'-12)

2 p refb d;ef

2

1263° .
Ap, = L0 (2.01x107° o +1.2) =19046 pa=0.19 bar
T 2x168 0.00635
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3.3 Internal Heat Exchanger Design

One of the computational segments of internal heat exchanger (double pipe
counter flow heat exchanger) is shown in F 1g3.2.

Reftigerant high
pressure  flow

Figure 3.2: A computational segment of internal heat exchanger .
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3.3.1 Calculation of heat transfer rate for internal heat exchanger

Employing energy balance, heat transfer in internal heat exchanger is given by:

e w 'h 1
Que=m/; X (A3 —h,)

Where:

Q= Internal heat exchanger heat transfer rate [W].
m,... Refrigerant mass flow rate [kg/s] which equal (0.16[ m/s]), is found in chapter

tow

hs: Specific enthalpy for refrigerant before the internal heat exchanger [kJ/kg] which
equals (282[ kJ/kg]), is found in chapter tow

hs:  Specific enthalpy for refrigerant after the internal heat exchanger [kJ/kg] which
equal (270 [kJ/kg]), is found in chapter tow

So the heat transfer rate for internal heat exchanger is equal:

Quz=m rer X (13 = hy)
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Qus = 0.0045 X (282— 270) = 0.054 (kW]

The mass flow rate {m'.,(s;._') of the CO, refrigerant through the high pressure

refrigerant pipe of the internal heat exchanger is the same for the low pressure

refrigerant pipe of it.
3.3.2 Calculation Of over all heat transfer coefficient area of the heat transfer

Employing LMTD expression, heat transfer in internal heat exchanger is given by:

: (L, ~T)~(T, - T, )
= (UA
= )Hgln«?;—:n)/(?;—m

Where:
(UA)gge: Over all heat transfer coefficient area for the internal heat exchanger [W/K].

T,: The temperature of the refrigerant at the outlet of low pressure refrigerant pipe in

internal heat exchanger [°C] which equal (5.5[ °C]), is found in chapter tow

T7: The temperature of the refrigerant at the inlet of low pressure refrigerant pipe in

internal heat exchanger [°C] which equal (-5[ °C)), is found in chapter tow.

Ts: The temperature of the refrigerant at the inlet of high pressure refrigerant pipe in

internal heat exchanger [°C] which equal (30[ °C]), is found in chapter tow.
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T4: The temperature of the refrigerant at the outlet of high pressure refrigerant pipe in

internal heat exchanger [°C] which equal (27.2[ °C)), is found in previous chapter tow

So the Over all heat transfer coefficient area of the heat transfers for internal heat

exchanger equal:

(30-5.5)=(27.2--5)
In((30-5.5)/(27.2 - -5)

480 = (UA),,,

(UA),, =22[W/K].

3.3.3 Calculation of the high pressure refrigerant pipe diameter.

<+ The velocity of the refrigerant enters the internal heat exchanger at liquid

phase, is supposed to equal :

Upnp = 15 [m/s].

<+ The wall between the high pressure and low pressure pipes in the internal heat

exchanger has a temperature which is supposed to equal:

Tw=11[% ],

% The reference temperature of the refri gerant is to be equals:
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To find the average temperature of the refrigerant that flows inside the hi gh pressure

refrigerant pipe, the following equation is to be used:

T"’.»b e r =(TS+T.: )/2
30-275
Vovarage =——— = 28.75[C]
Then,
2875-11
I = =19.87[°C]

By the principle of the mass conservation (continuity equation ) for the carbon
dioxide refrigerant that flow through the high pressure refrigerant pipe with supposed

velocity (tty, =12 m/s), the diameter of it is calculated as the following:

P —_— ‘o LY
Mokg = Prag X Uppy X Ay

Where:
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: Refrigerant mass flow rate through the high pressure refrigerant pipe [m/s] which

P
.’l‘l,,;,,
rig

equal (0.0045 my/s) ,is found in chapter tow.

2nnt The density of the refrigerant that flows through the high pressure refrigerant pipe
at T"af srncs[kg/mz]'

1, Refrigerant velocity in the hi gh pressure refrigerant pipe [m/s].

A,.,0 Cross sectional area of the high pressure refrigerant pipe [m®].

By using Peace Software, the value of the carbon dioxide refrigerant density at

Ty irernesand 81 bar equals[12]:

So the diameter of the high pressure refrigerant pipe equals :

,j 4 Xm,,.
d = —

rho N!H- P( .u';-,*::_*) ‘>< !O."h‘:’

| 4 X 0.0045

Qopy = |

' = 0.000078 [m],
N‘!,T:x 12 X 830 )
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By using Copper Tube Hand Book from table A2.,

the select pip is type K with
standard size 1/4 inch ,and its wall

thickness is 0.035 inch(0 .000875m)[13].

3.3.4 Calculation of Reynolds number for the refrigera

ntin the high pressure
refrigerant pipe.

** Reynolds number at reference temperature for the refrigerant that flows inside

the high pressure refrigerant pipe is calculated by the following equation:

- 10 rhpb A rhp X drhp
—_— T

H rhpb

Re

rhpb

Re,z0pt Reynolds number at reference temperature for the refrigerant in the high

pressure refrigerant pipe dimensionless unit.
d,..,: The diameter of the high pressure refrigerant pipe [m].

Viscosity of the refrigerant in the Righ pressure re frigerant pipe at P

Hphph ! 1%
/(m. s)]

FA

By using Peace Software, the viscosity value of the carbon dioxide refrigerant that

flows inside the high pressure refrigerant pipe at Trsrernesand 81 bar equals [12]:

Fopy = 7.88x 107 [kg /(m.s)]
So Reynolds number at reference temperature equal:
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Re - 830x12x7.88x10™
L 7.88x10°

=95890

** Reynolds number at wall temperature for the refrigerant that flows inside the

high pressure refrigerant pipe is calculated by the following equation:

_ Iorhpw x urhp x drhp
rhpw

Re

H rhpw

Re,,...: Reynolds number at wall temperature for the refrigerant in the high pressure

refrigerant pipe dimensionless unit.

d,4,: The diameter of the high pressure refrigerant pipe [m].

Ty ~ r 5 Ixo gnm Fopnd P e e ha Lt AR T A= I LRI S Y AT ey e Te
Wonmy: Viscosity of the refrigerant in the hi gnpressure refrigerant pipe at T, .[kg
/m.s]

By using Peace Software, the viscosity value and density of the carbon dioxide

refrigerant that flows inside the high pressure refrigerant pipe at Tzand 81 bar

equals[12]:

My =9.51x107° [kg / m.s]

Drny = 896[kg/m?]
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So Reynolds number at wall temperature equals:

Re = 896x12x7.88x10™
T 951x10°

=88186

3.3.5 Calculation of Nusselt number for the r

efrigerant in the high pressure
refrigerant pipe.

Nusselt number for the refrigerant that flows inside the high pressure refrigerant pipe,
is calculated by the following equation:

[VL[ o ( Nu rhpw

+ Nu rhpb K rhpw
rhp ’ )

2 K ’

rhpb

Where,
Nu

#r :Nusselt number for the refrigerant in the high pressure refrigerant pipe
dimensionless number .

Nu, . Nusselt number at reference temperature for the refrigerant in the high pressure
rhpb

refrigerant pipe dimensionless number.

Nu,. Nusselt number at wall temperature for the refrigerant in the high pressure
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refrigerant pipe dimensionless number.
k. Thermal conductivity for the refrigerant in the high pressure refrigerant pipe at
reference (bulk) temperature [W/m.K].

k

mpe  Thermal conductivity for the refrigerant in the high pressure refrigerant pipe at
wall temperature [W/ m.K].

** To find Nusselt number at wall temperature for the refrigerant that flows inside

the high pressure refrigerant pipe, the following equation should be used:

Nu _ (.f;‘hpw / 8)(Re rhpw 1 OO) Pr

rhpw
rhpw

_107+12.7(f,,,w/8)”2(Pr )

rhpw

Where:

S+ Friction factor at wall temperature for the refri

gerant in the high pressure
refrigerant pipe dimensionless number.

Pr, ., ¢ Prandtle number at wall temperature for the refri

gerant in the high pressure
refrigerant pipe dimensionless number.

To find Friction factor at wall temperature for the refrigerant that flows inside the

high pressure refrigerant pipe, the following equation should be used:
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St = (O.791n(Re,_,W) -1.64)7"

By using the value of Reynolds number at wall temperature for the refrigerant in the

high pressure refrigerant pipe which is calculated previously,

the friction factor will be
equal:

Sonpw = (0.791n(88186) ~-1.64)7 =0.0184

By using Peace Software, the value of Prandtle number for the refrigerant that flows

inside the high pressure refrigerant pipe at Trayand 81 bar equals [12]:

Prippw = 2.27 This number exists within Gnielinski range of Prandtle number.,

Then the nusselt number for the refrigerant at wall temperture equal:

- (0.0184/8)(717930 - 1000)2.27
rapw = 2 2 =
107 +12.7(0.0184/8) 2 (2,277 ~D

** To find Nusselt number at reference temperature for the refrj gerant that flows

inside the high pressure refrigerant pipe, the following equation should be used:

Nu = ('f;’hlll) / 8)(Rer'hpb ~] OO) Pr

rhpb
‘rhph T

107+12.7(1,,,, /8)"*(Pr,, , > ~ 1)

rhpb
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Where:

-f;hpb

: Friction factor at reference temperature for the refrigerant in the high
pressure refrigerant pipe dimensionless number.

Pr,, ¢ Prandtle number at reference temperature for the refrigerant in the high
pressure refrigerant pipe dimensionless number.

To find Friction factor at reference temperature for the refrigerant that flows inside

the high pressure refrigerant pipe, the following equation should be used:

Lo =(0.79 In(Re,,,)-1.64)7

By using the value of Reynolds number at reference temperature for the refrigerant in

the high pressure refrigerant pipe which is calculated previously, the friction factor wil]

be equal:

oy = (O.791n(95890)—1.64)‘2 =0.0181

By using Peace Software, the value of Prandtle number for the refrigerant that flows

inside the high pressure refrigerant pipe at Trerermecand 81 bar equals [12]:

Pryp, = 2.47 This number exists within Gnielinski range of Prandtle number.
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Then the nusselt number for the refrigerant at reference temperture equal:

(0.018/8)(802614 -1000)2.47

Uy = — =353,
b 107 +12.7(0.018/8)2(2.47% = 1)

By using Peace Software, the value of the thermal conductivity at T, ;;and 81 bar

equals [12]:
Konpw =0.105 [(W/m.°C].
By using Peace Software, the value of the thermal conductivity at T, +,,.,.,and 81bar
equals [12]:

Kyppp =0.094 [W/m.°C ],

Then Nusselt number for the refrigerant in the high pressure refrigerant pipe equals:

- _ NLl rhpw + N“ rhpb Krhpw
Nuz‘hp - ( 2 ) K bl
hprb

Nu, = (302+353) 0.105 ~ 365
i 2 0.094

3.3.6 Calculation of convection heat transfer coefficient for the refrigerant in the
high pressure refrigerant pipe.
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The convection heat transfer coefficient for the refrigerant that flows inside the high

pressure refrigerant pipe is calculated by the following equation:

_ Nu,,

rhp rhpb
drhp

(04

Where,

% . Convection heat transfer coefficient for the refrigerant in the high pressure

refrigerant pipe [W/m® K].

Then the convection heat transfer coefficient for the refrigerant in the high pressure

refrigerant pipe equal:

365

= oo 0-094 = 44086[ W im?.c]
O X

arhp

3.3.7 Calculation of the low pressure refrigerant pipe diameter.

*

* The velocity of the refrigerant enters the internal heat exchanger at vapor

phase, is supposed to equal :

1y, = 15[ m/s].
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¢ The wall between the high pressure and low pressure pipes in the internal heat

exchanger has a temperature which is supposed to equal:

Tw=11°C.

** The reference temperature of the refrigerant is to be equals:

To find the average temperature of the refrigerant the following equation should be

used:
Tﬂzrsr'ags =(T1+T7 )/2
=54 5.5
Tl.' sYags = o) — 0‘15[‘(:]
Then,
11+ 025 )
S = 5.625[°C]
a5y grNes Jj

By the principle of the mass conservation (continuity equation ) for the carbon
dioxide refrigerant that flow through the low pressure refrigerant pipe with supposed

velocity (u,,, =15 m/s), the diameter of it is calculated as the following:

74



Yoe) =
)‘n.,.x,_.‘ ]'D',.:“

¥ B,

b 'it.,.;._, X -'4.,.:‘_1

Where:

M, Refrigerant mass flow rate through the low pressure refrigerant pipe [m/s] which

equal (0.16 [m/s]), is found in chapter tow.

2,15+ The density of the refrigerant that flows through the low pressure refrigerant pipe

at T, [kg/m’].

1, Refrigerant velocity in the low pressure refrigerant pipe [m/s].
A1 Cross sectional area of the low pressure refrigerant pipe [m?].

By using Peace Software, the value of the carbon dioxide refrigerant density at

Ty srnesand 22 bar equals [12]:

[
| 4 X0.0045 .
dy, = ———— = 0.00027 [m].
\tv. X 15 X 50.2 .
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By using Copper Tube Hand Book from table A2., the select pip is type K with
standard size 3/8 inch ,and its wall thickness is 0.049 inch(0 .00124m)[13].

3.3.8 Calculation of Reynolds number for the refrigerant in the low pressure

refrigerant pipe.

** Reynolds number at reference temperature for the refrigerant that flows inside

the low pressure refrigerant pipe is calculated by the following equation:

o pr[pl) x ur[p x dr[p

riph —
H ripb

Re

Re,y,: Reynolds number at reference temperature for the refrigerant in the low pressure

refrigerant pipe dimensionless unit.

d,,: The diameter of the low pressure refrigerant pipe [my].

Wpppp: Viscosity of the refrigerant in the low pressure refrigerant pipe at Topepinee [k

Sripdt

/(m.s)]

By using Peace Software, the viscosity value of the carbon dioxide refrigerant that

flows inside the low pressure refrigerant pipeat T, ... and 22 bar equals[13]:

&
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My =1.43% 107 [kg / m.s]

So Reynolds number at reference temperature equals:

Re :50.2x15><0.0027 145289

ripb 1.43x10°°

% Reynolds number at wall temperature for the refrigerant that flows inside the low

pressure refrigerant pipe is calculated by the following equation:

_ prlpw X urlp X dr/p

ripw
/ur[pw

Re

Re,,, Reynolds number at wall temperature for the refrigerant in the low pressure

refrigerant pipe dimensionless unit.

d,;,: The diameter of the low pressure refrigerant pipe [m].

Zt : T 5 e e fom ot s AT Y T A Eomi o T AT = v+ T
Wyppy Viscosity of the refrigerant in the low pressure refrigerant pipe at T, ., [kg

By using Peace Software, the viscosity value of the carbon dioxide refrigerant that

flows inside the high pressure refrigerant pipe at T, _,,and 22 bar equals[12]:

Koy =1.45x107° [kg / m.s]
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P = 48.3kg I m’
So Reynolds number at wall temperature equals :

_ 48.3x15%0.0027

Re = "
T 1.45%x107

=114920.

3.3.9 Calculation of Nusselt number for the refrigerant in the low pressure
refrigerant pipe.

Nusselt number for the refrigerant that flows inside the low pressure refrigerant pipe

s calculated by the following equation:

Nur/pw * Nll ripb Kr[pw
Nu,, =( ) 5
2 Kr/pb
Where,
Nu,, :Nusselt number for the refrigerant in the low pressure refrigerant pipe

dimensionless number .

Nu,, ° Nusselt number at reference temperature for the refrigerant in the low pressure
rp . 9 7 .
refrigerant pipe dimensionless number.

Nu

ripw

: Nusselt number at wall temperature for the refrigerant in the low pressure
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refrigerant pipe dimensionless number.

k.,  :Thermal conductivity for the refrigerant in the low pressure refrigerant pipe at
reference (bulk) temperature [W/m.K].
k,p,, + Thermal conductivity for the refrigerant in the low pressure refrigerant pipe at

wall temperature [W/ m.K].

< To find Nusselt number at wall temperature for the refrigerant that flows inside

the low pressure refrigerant pipe, the following equation should be used:

(T 8)(Re,,,,~100)Pr

ripw

107+127(f,,,, /8)(Pr, *°-1)

ripw

Nu

ripw

Where:

Jomw : Friction factor at wall temperature for the refrigerant in the low pressure

refrigerant pipe dimensionless number.

Pr,,, : Prandtle number at wall temperature for the refrigerant in the low pressure

refrigerant pipe dimensionless number.

To find Friction factor at wall temperature for the refrigerant that flows inside the low

pressure refrigerant pipe, the following equation should be used:

Spw =(0.791n(Re,, ) —1.64)
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By using the value of Reynolds number at wall temperature for the refrigerant in the

low pressure refrigerant pipe which is calculated previously, the friction factor will be

equal:

Sopw = (0.791n(114920) - 1.64) =0.0174

By using Peace Software, the value of Prandtle number for the refrigerant that flows

inside the low pressure refrigerant pipe at T anand 22 bar equals [12]:

Prrpy = 0.93 This number exists within Gnielinski range of Prandtle number.

Then the nusselt number for the refrigerant at wall temperture equal:

_ (0.0174/8)(114920-1000)0.93 -
1.07+12.7(0.0174/8)2(0.93** —1)

trlpw

% To find Nusselt number at reference temperature for the refrigerant that flows

inside the low pressure refrigerant pipe, the following equation should be used:

(fr/[)b / 8)(Rer/pb - IOO) Prr

Nu,, = L

107 +12.7(f,,,18) 2 (Pr,, - 1)
Where:

.frlpb
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: Friction factor at reference temperature for the refrigerant in the low pressure

refrigerant pipe dimensionless number.

Pr,, : Prandtle number at reference temperature for the refrigerant in the low

pressure refrigerant pipe dimensionless number.

To find Friction factor at reference temperature for the refrigerant that flows inside

the low pressure refrigerant pipe, the following equation should be used:

Sy =(0.79 In(Re,,, ) - 1.64)7"

By using the value of Reynolds number at reference temperature for the refrigerant

in the low pressure refrigerant pipe which is calculated previously, the friction factor

will be equal:

fr/pb = (O79]n(145289) = 1 -64)_2 200166

By using Peace Software, the value of Prandtle number for the refrigerant that flows

inside the low pressure refrigerant pipe at Trsrsrnesand 22 bar equals [12]:

= - P

Pripp = 0.95 This number exists within Gnielinski range of Prandtle number.

Then the nusselt number for the refrigerant at reference temperture equal:
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_ (0.0166/8)(145289-1000)0.95
.07 +12.7(0.0166/8)"*(0.95* -1)

Nu =477.5

By using Peace Software, the value of the thermal conductivity at T,._,,and 22 bar

equals [12]:
lr‘-l.'y'ftv_‘uv..,. =0.0l72 [W/m.OC] .
By using Peace Software, the value of the thermal conductivity at T,,, ;... ..and 22bar
equals [12]:

K, 1ep =0.017 [W/m.C] .

ripd
Then Nusselt number for the refrigerant in the low pressure refrigerant pipe

equal:

+ Nu K

ripb ) ripw

Nu
rip
2 K hirb

ripw

Nu

4 .
Nu, :(221+ 77)00172 -353
d 2 0.017

3.3.10 Calculation of convection heat transfer coefficient for the refrigerant in the
low pressure refrigerant pipe.

The convection heat transfer coefficient for the refrigerant that flows inside the low

pressure refrigerant pipe is calculated by the following equation:
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a

o, =-—
o 0.00027

ripb

Where,

«» + Convection heat transfer coefficient for the refrigerant in the low pressure refrigerant
pipe [W/m® K].

Then the convection heat transfer coefficient for the refrigerant in the low pressure

refrigerant pipe equal:

223 0,017 = 26090 / m?.s].

3.3.11 Calculation of internal heat exchanger length.

Overall heat transfer coefficient for the internal heat exchanger has been calculated by

using fundamental equation for overall heat transfer coefficient yields:

1 1 ln(do /d r/zp) 1
= + -
(C/A)hL arlp Ar//) 27[LheKw a A

rhp “rhp
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Where:

d,yy The inner diameter of the high pressure refrigerant pipe[m].

d,: The outer diameter of the high pressure refrigerant pipe[m].

Ky: Thermal conductivity for copper wall [W/m.k].
Lie: Internal heat exchanger length [m].

A, Heat transfer area of the low pressure refrigerant pipe [m’].
A, Heat transfer area of the high pressure refrigerant pipe [m?].

To find heat transfer area of the low pressure refrigerant pipe, the following equation is

to be used:

Arlp = ﬂdr[p Lhe
Where:

d,.,: The inner diameter of the low pressure refrigerant pipe[m].

To find the heat transfer area of the high pressure refrigerant pipe, the following
equation should be used:

A, =md Ly,

rhp rhp

To find the internal heat exchanger length, the following equation should be used:
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Ly, = 0.14[m]

3.3.12 Calculation of pressure drop in the internal heat exchanger.

The pressure drop in the high pressure refri gerant pipe of the internal heat exchanger

1s given by:
G* L,

Ap/’zp = 7 (érhp : + ]‘ 2)
210 rhpb dr/l/)
Where:

Apy,: Pressure drop in high pressure refrigerant pipe [bar].
G‘;:,_, :Mass velocity of the refrigerant in the higher pressure pip [k/mz.s]

{wny friction factor for the refrigerant in high pressure refrigerant pip dimensionless

unit.

The mass velocity of the refrigerant that flows in the high pressure refrigerant pipe of

the internal heat exchanger is given by:
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Where:

Amp: Cross sectional area of the high pressure refrigerant pipe [m].

Then the mass velocity of the refrigerant in the high pressure refrigerant pipe equal:

045

06357%) /4

o)

Gy ==

T X

P

=1263[ kg/m".5].

0
0.

O

The friction factor for refrigerant in the high pressure refrigerant pipe of the internal
heat exchanger is given by:

L
&y =(1.82In(Re,, ) —1.64) @(;’”’W_)S

P rhpb H rhpb

rhpw

Where;

s: Exponent Factor [sz.s/kg].

The exponent factor for refrigerant in the hi

gh pressure refrigerant pipe of the
internal heat exchanger is given by:

0.42

§ = O.O23Qi

rhp
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Then ,the exponent factor for the refrigerant in the hi gh pressure refrigerant pipe

equals:

0.42 »
5=0.0232391 _ 0015 [W.m*.s/ ke)
1263

Then ,the friction factor for the refrigerant in the high pressure refrigerant pipe equals:

2 896 9.51x107°

( )PP =2.08x107 .

£ =(1.821n(717930) - 1.64
Eonp = (1.821n( ) 830 7.88x 10"

Then, the pressure drop for the refrigerant in the high pressure refrigerant pipe equals:

2
G hp

Lke
(frhp Cl +1 2)

rhpb rhp

Aphp =

_ 1263 (2.08x10° 095
2% 830 0.00635

he

+1.2) =0.014[ bar]

The pressure drop in the low pressure refrigerant pipe of the internal heat exchanger is
given by:

G
Aplp = zp - (é:r[p

Lhe 1.2)
[r[/)

ripb a
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Where:

Ap,,: Pressure drop in low pressure refrigerant pipe [bar].
G+,: mass velocity of the refrigerant in the low pressure refrigerant pipe [kg/m?.s].
{1y friction factor for the refrigerant in high pressure refrigerant pip dimensionless unit.

The mass velocity of the refrigerant that flows in the low pressure refrigerant pipe of

the internal heat exchanger is given by:

Where:
Arpp: Cross sectional area of the low pressure refrigerant pipe [m?].

Then the mass velocity of the refrigerant in the low pressure refrigerant pipe equal:

e 0.04 —_ .
T e . —ob% [Rof mT.5],
o (mX 0.0095°)/4 64 [ha/ 1 ]

The friction factor for refrigerant in the low pressure refrigerant pipe of the internal

heat exchanger is given by:

) _ 164)_2 prlpw (/'ll‘/pw )3

¢, =(1.82In(Re
P ripb lu/'//)[)

ripw
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Where,

s: Exponent factor [Wm™. s/kg]

The exponent factor for refrigerant in the low pressure refrigerant pipe of the internal

heat exchanger is given by:

0.42

s = O.O23—Q—L"—

rip

Then ,the exponent factor for the refrigerant in the low pressure refrigerant pipe equals:

0.42

N =0.021 (W.m®.s)/ kg

§=0.023—
564

Then, the friction factor for the refrigerant in the low pressure refrigerant pipe equals:

,483 14 =
¢,y = (1.82In(475921) —1.64) . 3( 3x L

)% =2.017%x107 .
50 "1.43x107°

Then, the pressure drop for the refrigerant in the low pressure refrigerant pipe equals:

G* Ly

Ap[p = - (5/'[[) —/ g 1 2)
2prlpl) (lr[p

5642 0.95

+1.2) =0.044bar

Ap, = 2.017x1072
o ( 0.0095

2x50
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3.4 Evaporator Design

3.4.1 General Assumptions

The following assumptions were used in the calculation procedure of the
mathematical model to predict the performance of flat-finned-tube heat exchanger
(carbon dioxide refrigeration evaporator) which is applied in the low-temperature

refrigeration systems.
1. Steady state operation.

2.Constant air-side convective heat transfer coefficient over the evaporator

element/region.
3. Negligible refrigerant pressure drops in the evaporator.
4. Negligible heat loss/gain from the evaporator.

5. Same number of tubes in each circuit, each with the same fraction of the total mass

flow rate. also constant mass flux of air, Gmax, along the length of the coil.
6. State of the refrigerant in one element/region being either two-phase or superheated.
7.Dividing evaporator in two regions(two-phase region, superheated region) .

8. Frosting process being quasi-steady, where parameters calculated at time t are used

for calculations at time t + At
9.Frosting and condensation cannot simultaneously occur on evaporator surface.

10. The superheated region being dry, whereas the two-phase region being frosted.
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3.4.2 Evaporator Details

Details of evaporator used in carbon dioxide refrigerator which are shown in (figure 4.3)
Fin material : aluminum plate .
Tube material : aluminum .

Fin thickness(tg) : 0.2 [mm].

Fin pitch (Pg) : 8 [mm].

No. of traverse tube rows : 5 .

No. of refrigerant tubes : 30 .

No. of longitudinal tube rows : 6 .
No. of circuit: 1 .

Evaporator length (L) : 250 [mm]
Evaporator high (He) :195 [mm]

Evaporator depth (D) :19 [mm]
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Figure 3.3: Schematic of evaporator used in CO2 refrigerator

From (figure 3.3) the traverse tube spacing (St) , and longitudinal tube spacing (Sy) are

St

S = ==
Y number of longitudinal tube rows

H

g

_ 195

number of traverse tube rows

D

€

5
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= 39[mm]

19
T 31.666 [mm)]



3.4.3 Calculation of refrigerant tube diameter

% The velocity of the refrigerant enters the refrigerant tube of the evaporator at one

phase, is supposed to equal :
By = L5 [mifs].

¢+ The wall between the refrigerant and air in the evaporator has a temperature

which is supposed to equal:

Tw=-13 [°C] .

%+ The reference temperature of the refrigerant is to be equals:

TP g

W

QUs
2

To find the average temperature of the refrigerant that flows inside the refrigerant

tube, the following equation should be used:

T vsregs =(Ts:.-:'+T=':fc- )/2

—10 - 15 A
Tf::rs.vage = ———ﬁ——' = =1,5°C
Then,
. —13= =125 .
“'rsfer'nce = = 5 = =1A.757C
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By the principle of the mass conservation (continuity equation ) for the carbon

dioxide refrigerant that flows through the refrigerant tube with supposed velocity (u,, -

=15 m/s),the diameter of the inside tube (refrigerant tube) is calculated as the following:

Where :

2«5+ The density of the refrigerant at Ty arme [Kg/m'].
1, st Refrigerant velocity [m/s].
A,.. -+ Cross sectional area of the refrigerant tube [m].

By using Pace software, the value of the carbon dioxide refrigerant density at

Tsfsrnc-and 22 bar equals[12]:

Prsy = 56.& Kg/m®

So the inner diameter of the refrigerant tube equals:

| 5
. [ Xm,,
Qogr = :

»raf |
! 1T X Uy, - X o,
‘\ =4

e
J

M

Then,

94



f
_ | 4% 0.0045 -
Qpor = ——————— = 0.0025 [m].
e \‘l;: X 15 X 56,4

By using Standard Aluminum Tubing Size, table (A.2), the selected pipe has
standard size 1/4 inch ,and its wall thickness is 0.0245inch(0 .0006125m).

So,

Inner refrigerant tube diameter (Dy) :2.6[ mm)].

Outer refrigerant tube diameter (Do): 3.22[ mm)].
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3.4.4 Calculation of frosted hydraulic diameter and fin efficiency.

Each element of the evaporator, (figure 3-4) and (figure 3-5) illustrate the fin and unfin

(bare tubes) parts for it.

Figure ( 3-4): Finned and unfinned (bare tubes) parts for evaporator element
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Figure (3-5): Finned and unfinned (bare tubes) parts for evaporator element

1. To find frosted hydraulic diameter, the following equation should be used:

Where,

L H: Frosted hydraulic diameter [m].
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L .t Fine high[m] .

57 Fin space [m] .

So,

Le=H,-5D,=0.195—- (5% 0.00831) = 0.156[m]
Ss=P:—tr =0.008 - 0.0002 = 0.0078 [m]

2(0.156 X 0.0078) D ore
DH = - = 0.0149[m
0.156 - 0.0073 E3im)

2. To find fin efficiency, the following equation should be used:

./

tc.I h("’ )

m f‘ .
iy

1t Fin efficiency[dimensionless number].

m : mean flow conditions[dimensionless number].
L corrected fin high i [m]

Where ,
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. 70156, T S S 3
Le={ P )f‘ 1+0.351 00053 = 0.1846[m]

7 1 2 7 ’ PRI S y AT s P (R — - Foun e §
K Thermal conductivity for almunume £ inplat
AL P 4

Then,

f
f 2 X 17

202 ® 02 %103
\ 202 ,

m = = (0.029

So,

tanh(0.029 x 0.1 34)
e = ‘ =0.98

$ 0.029 x 0.184

3.4.5 Calculation of air side heat transfer coefficient
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To estimate air side heat transfer coefficient, the fol]

owing correlation for €vaporator
model should be used[14]:

. IXC,XaG,
Ia - :.’-l

131-13:_1
Where ,

n.: Convection heat transfer coefficient for air side [W/(mz.K)].

J : Colburn factor [dimensionless number].

€, Alr specific heat at constant pressure [kJ/ kg. K] which is equal (1.0064kJ/kg).
G.: Air mass flux [kg/mz.s]

P7pz: Reynolds number based on frosted surface [dimensionless number].

By using Peace Software, at air temperature T,= -7[OC] and air pressure p,= 1 [bar]
the value of Prpy = 0.719.

*

% To find air mass flux that flows inside the evaporator

» the following equation
should be used:

Azt Area side of the evaporator at which the air flows through it [m?].
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Based on the measured mass flow rates of the refrigerant and assuming negligible
difference between the heat transfer rates on the air- and refrigerant-side, the mass flow

rate of air over the evaporator was calculated as:

Where,
m . Air mass flow rate [kg/ s]
m,: Refrigerant mass flow rate [kg/ s] which equal (0.04 kg/s), is found in chapter two.

N, ...t Specific enthalpy for refrigerant at evaporator tube outlet [kJ/kg] which is equal

(442 kJ/kg), is found in chapter two.
f1,.:n: Specific enthalpy for refrigerant at evaporator tube inlet [kJ/kg] which is equal (

270kJ/kg ), is found in chapter two.

b}

s.q:nt Al enthalpy at evaporator inlet [kJ/ kg].
. 0wt Alr enthalpy at evaporator outlet (kJ/ kg].

By using Psychometrics Demo software at air temperature Ty(gry puip) = -3[°C] and T,

(wet buts) = -7[°C],s0 the air enthalpy at evaporator inlet equals[9]:

By using Psychometrics Demo software, at air temperature  Ta(gry bum) = —IO[OC] and

Ta(wetbuib) = -13[OC],SO the air enthalpy at the evaporator outlet equals[9]:
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h = —9,984[—],
/ SOt . 8_1-[1("]
=
So,
o _ DRDEs{sar-270 _ e A
m, = = e O.lgb[ng;‘b]

m, 0.196 =y
G, = = — = 4.026 [——; s}
Agyye 00487 m-

** To find Colburn factor for the air that flows over the evaporator which has three

or more than three tubes , the following equation should be used:

- - % T
vaps | S ey -
= 4D, —0s0s [ 27/ b, : - 2
j = 0.24Re;§ ( ,,qr) ( /n. } if N, =3
\

Where,

Repy: Reynolds number based on frosted surface [dimensionless number].
S ;i traverse tube spacing [m]
5. longitudinal tube spacing [m]

Dyt The outer diameter of the refrigerant tube [m]
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To find Reynolds number based on frosted surface for the air, the following equation
should be used:

0. X v, X DH

i

Repy =

Where,
e The density of the air [Kg/m’].

Vi The velocity of the air[m/s].

. . . "G
w,:Viscosity of alr[(”“’-_u]

Where,

L m,

Ya T P
Pg < Aﬂu

Where,

V,: The volume flow rate of the air[m® /5]

o}

By using Peace Software , at air temperature  Ty(dry bub) = —3[0C] and T, (wet pup) = -

7[°C] , so the value of air density o, =1.34 [kg/m’ Jand the value of air dynamic

ViSCOSity e, = 16.7 % 10—6[ &-9.].

Lms)

Then,
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o Mg 1742 L
===
Pa 1.34 5

Po X VaX Ag,, 1.34x0.0438
Then,
X vaXDH 134 % 00146 ey 2 o
Rep, = farTeX”® - —— = 24426.744[ m]
! s 15 1078

A {—0.200 0425 r7 0o, s~ Q033 - o
j = 0.24 X 2442674410039 ATT(T8) ) = 42112 X 10

So ,

4.2112x 1073 X 1.0064 X 10° X 35.37 -
n,= = =17 [W fm-c]
0.7173

3.4.6 Calculation for number of elements of the evaporator

% For one element fine part[14].
Apy = [(De X f.___} - [:‘4::.'.’::‘ X N:;;l:s-)]

Where,
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A..psitube cross sectional area[m?].
D.:Evaporator depth[m)].
L .: Evaporator length[m].

A, :Fin area [m?]

N .up.: number of tube.
Then,
Apin = 2[(0.19 X 0.195) — ((7(0.00831)/4) X 30) ] = 0.071233m°

if b

To find heat transfer rate per flat fin, the following equation is to be used:
Qpin = g X Appy X (T,. —T,) X M

Where,

q sin: heat transfer rate per flat fin[ W]

T..: surrounding air temperature at evaporator inlet [OC]which 1s equal (-3[0C])which

equal (-3[°C])
T, tube surface temperature at fin base [OC] which is equal (-13[°C])
Then,

Qpin = 17X 0.071 X (=3 ~ —13) X 0.98 = 11.82 Wper fin element
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<+ For bare tubes (unfin tubes) of one element of the evaporator.

4, = Nyare rupes X Dg X T X 5,

bars tubss
W llere,

Ayars supes: bare tubes(unfin tubes) surface area for one element[m].

grre

N .. number of bare tubes for one element.

AaYs TUOsS

Then,

Apars sups = 30 X 0.00831 X 7 X 0.0078 = 6.1089 X 10~ 3m?

W

To find heat transfer rate for bare tubes of one element , the following equation

should be used:

) —_ L s
T un fin T g X A

Where,

q unpin: Deat transfer rate for bare tubes[W].

.....

T.,: air temperature at bare tubes surface ["C]which equal (-10[°C])

Qunpin = 17 X 2.058 X 107° X (=3 — —10) = 0.349[IW]

q:o:cffc:'o?l:’ slsmene ({_."in T Tun fin = 1182+ 034 = 12"17[1';1‘;]
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So,

1 . i Q. _ 780
The number of elements of the evaporater = =

= 64 element
7 127
Heorar Seif

3.4.7  calculation of Refrigerant-side heat transfer coefficient

1- For tow phase

R/
0.0

Calculation of Reynolds number for tow phase refrigerant.

Reynolds number at reference temperature for the refrigerant that flows inside the

tow phase refrigerant tube is calculated by the following equation:

prq/?) xu ref X D/
Re, =

IL lre/h

Rep: Reynolds number at reference temperature for the refri gerant in the refrigerant pipe
dimensionless unit.

. a4 | o i £
-t Viscosity of tow phase re
refb - +

efrigerant in the re frigerant rube at T

g
refsrncy [ ¢

Lm.s)

By using Peace Software, the viscosity value of the carbon dioxide refrigerant that
flows inside the tow phase refrigerant tube at Tres

sjsrncs

—12°Cand 22 bar is equals :

Py = 56.7[kg/m’]
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M,y =1.38x107° [Kg/m.s]

So Reynolds number at reference temperature equals :

_ 56.7x15%0.0026
1.38x107°

Re, = 160239

<+ Calculation of convection heat transfer coefficient for the refrigerant in the

refrigerant tube

The convection heat transfer coefficient for the two phase refrigerant that flows

inside the refrigerant tube is calculated by the following equation:

h =Fxh,

rup

Where,

h, : Convection heat transfer coefficient for the refrigerant at liquid phase [W/(m* K)].
/i)

£ : Dittus —Boelter factor [dimensinless number]
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Then the convection heat transfer coefficient for the liquid refrigerant in the tow phase
refrigerant tube equals:

h, = 00235
D

0.4

0.8
Re, ™ P

/4

Where,

k ;:thermal conductivity for liquid refrigerant[W/m.=C]

#e,: Reynolds number for liquid refri gerant[dimensinless number]
P, : Prandtle number for liquid refrigerant[dimensinless number]

By using Peace Software[4] the physical properties of the carbon dioxide refrigerant at

T, = —12°Cand 22 bar is equal:

refernce

k;=0.112 [W/m.°C]

Pr, = 1.13

Then the convection heat transfer coefficient for the liquid refrigerant in the

refrigerant tube equals:

h, =0.023 2112
0.0062

160239°°1.04%* = 615.43[W /m” ]

Dittus —Boelter factor is calculated as:
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F=1+1925x"%

Where,
X..: Lockhart_Martinelli[dimensinless number]

Where, Lockhart_Martinelli factor is calculated as:

X = (l-*x)” (&_)0-5 (_/u_l)o.l

u
= 1 /Uv

Where,

Xquality of saturated carbon dioxide liquid vapor mixture [dimensinless number]
P+ refrigerant density at vapor phase [kg/m’].

P, refrigerant density at liquid phase [kg/m’].

i refrigerant dynamic viscosity at vapor phase [kg/m’].

#: refrigerant dynamic viscosity at liquid phase [kg/m’].

By using Cool Back, the quality value of the carbon dioxide refrigerant= 0.64.

By using Peace Software, the physical properties of the carbon dioxide refrigerant at

T e

Tvefernce = —12°Cand 22 bar is equals:
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58.8 [kg/m"].

1004 [kg/m’]

k)
-
Il

i, =138 x 107% [kg/m.s].

t; = 0.000115[kg/m.s].

-

=

Then,

1-0.64 58.8 45, 0.000115
Xu :( )0.9( )0,5 - 0.1
0.64 1004 1.38x10

=0.178

Then,

F=1+1.925%x0.17°% =925

Then ,

h.,, =9.25%615.43 = 5692 [W / m? 5]

2-For superheated phase

The convection heat transfer coefficient for the refrigerant that flows inside the

superheated region of the evaporator has been calculated in the same way as the
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convection heat transfer coefficient for the refrigerant that flows inside the low pressure
pipe of the internal heat exchanger, and it equals:

h.,,=1765[W/m®.C]

3.4.8 calculation of overall evaporator efficiency

The air side total surface area for the evaporator is found by the following equation :

Where,

Ay filet heat transfer surface area[m?]

And,
Apyee =7 {2} 4 0.02(aD,)
Then,

/0.0083 + 0.039: ) .
Apioe =7 - | + 0.02( x 0.0083) = 0.0936[m?)
So,

-~

Aiorar = (0.0733) X 64 + (29 X 0.0936) = 7.4[m"]
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7
0.0

The total heat transfer surface area for the fins of the evaporator is found by the
following equation:

Aping = Apyy X number of fins
Where,

Number of plat fins = Number of elements of the evaporator
Ape = 0071233 X 64 =6.07[m")]

>
O‘O

The total heat transfer surface area for the bare tubes of the evaporator is found
by the following equation;

Ab :‘qto:al -":1"'”:

¥ 3
)i

Where,

4, :Total heat transfer surface area for evaporator bare tubes[mz] .

A, =74 —455=273[m7].

% The overall evaporator efficiency is found by the following equation:
n.o=1-— Afins I’.l _}'7._:'
Aroral - i
So,
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4.55

74

o =1—25(1-0.60)=098

3.4.9 Calculation of superheated tubes length of the evaporator .

Employing energy balance, The heat transfer rate of the superheated region of the
evaporator, fig.(3-6) Illustrates it, is given by:

T'e.a.out
I
r t 1 =
. £3
¥ o 9
Row2 (C . 2
Row 1 _ n
: Refrigerant out
e.a.n
rt 1
Air flow

Figure 3-6: superheated region of the evaporator

Q p = Myur(hy — he)

]
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Where:

@.,+ Heat transfer rate for superheated region of the evaporator [W].

m,. - Refrigerant mass flow rate [kg/s] is found in previous chapter tow which is equal

(0.0045 kg/s).

h: Specific enthalpy for refrigerant after evaporator [kJ/kg] is found in previous

chapter tow which is equal (442 kJ/kg).

hz:Specific enthalpy for CO, refrigerant at saturation vapor point [kJ/kg] is found in

previous chapter tow which is equal (433 kJ/kg).

So the heat transfer rate is equal:

O, =0.0045(442 - 433) = 0.0405[ KW ].

The air side total surface area in superheated region of the evaporator is found by the

following equation:

Where,

. - 2
A, overall surface area in superheated region [m?]
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@..: heat transfer rate in superheat region[kW]
Then

1 _f'ét:rs"'*',]%l___q.....il_, 3

Ay = I‘x—TT%?/ . = U050 [.(?., ]

*Calculation of air temperature at outlet of the the superheated region is given by

By using Number of Transfer Unit (NTU) method ,the heat transfer rate of the
superheated region of the evaporator is given by:

Where ,

¢,: Refrigerant specific heat [kJ/kg.*(]

¢, Alr specific heat [kJ/kg.°C]

T',.: Refrigerant temperature at inlet tube of the superheated region of the evaporator

[*Clwhich is equal (-15[ *CJ).

T,..: Refrigerant temperature at outlet tube of the superheated region of the evaporator

[*C]which is equal (-10[ °C]).
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So the refrigerant heat concentration(C,. [kW/*C]) is equal

) o
Wrw =S

= = 8.1[W]

rol  (—10=-13)

C,=m.c, =

(T

—-""
LSy T

So the air heat concentration(C [k1/°C)) is equal:

Comtholy =2 = e = 58[W]
Therefore,
Cm:rz = Ca
€ = C

By using Logarithmic Mean Temperature Difference (LMTD),the overall heat

transfer coefficient area of the superheated region of the evaporator is given by:

i s EE e,
YUepAsp =5 MTO.
Where |,
(Togin—Tro) = (T -7'.)
8,2, rel B, G,0Urf ro/
T v’l"”T‘D - o & 4
- ’ = f T. a - T o !
OO n ™0 4
In o = ]‘
\ ! s.qour )
Then,
(=3--10i-{-10--15} o
LMTD_ = = = 5.94[ °C]
o lop——
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“75:"’;133
NTU, =23
N Cm:'“
Then,
6.82
NTU,, = =1.179
- 5.8

NTU, B A ]

s =1—exp{ ~——){exp{ —eNTU,,*"® ) — 1}
Where,

.. 5.8
C :————:—:O..Il‘l‘

Cnmx 8'1
Then ,

1 »’("‘——I'NDZ: ."5 ( (—0.714 x 1.17%78y — 11 0.458

g =1—exp exp(—0.714 X 1,17%°) — 1} = 0.45¢
S B L\_\ 0.714 / \expl ’ ‘ y

The air temperature at outlet of the superheated region is given by:
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ek ™ Emin ™ ™ j
‘ -c:\*:zl-a“—s:v,— (.IB'E n " travs /

) " “ma
Where,
T. 2y average temperature of the refrigerant [°C].
Which is calculated by :

T'o+T,, —15-10 )

= et re _ el Py
fway T 5 - 5 = lx_‘.S[ L]
Then,
T saous = —3-(0.458 X 0.714(-3--125)) = —7.3557[(]

s.c.0ut . . J

The total heat transfer surface area of the unfin tubes of the superheated region of

the evaporator is found by the tollowing equation:

Q

i e P — N e TEn
"-lb..»‘.‘.’ . LA'T\J('C;‘ Apn )
Then,

The rate of heat gain due to the mass transfer, which is associated with the

dehumidification of the air, is calculated based on a latent convective heat transfer
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coefficient of the air which flows over the superheated phase of the evaporator is

proposed by Thrilled, Its general equation is:

Where ,
(Mq:)syt latent convective heat transfer coefficient of the air in superheated
region[ W/m®.*C].

(Agg) s»¢ sublimation latent heat in superheated region [J/kg].

@iy, specific humidity of the air at inlet superheated region of the evaporator [kg

moisture/kg dry air]

[

@' ,.et specific humidity of the air at outlet superheated region of the evaporator kg

moisture/kg dry air]

Le: Lewis number, is assumed to be 1.

By using Psychometrics Demo Software, at ¥ i (g b= -3"C and T, cin Cwet bu)= -

7°C, humidity ratio of the air is equals:
@, = 4.84 X 1077 kg moisture/kg dry air

By using Psychometrics Demo Software, at T',s,o(dry bulb) = —7.3557 [QC Jand 1'""{2'9(\“3t

butb)= -11 [OC] , humidity ratio of the air is equals:

@'y = 1.32 X 1077 [kg moisture/kg dry air].
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the sublimation latent heat is calculated from the correlation that’s reported by Ismail

and Salinas and it is :

«

(Pl =2322{-0.04667(18T. , +32) = 1220.1)

(Peg)en =2322(—0.04667(1.8 x —125 ~ 32) +1220.1) = 28332622/ /kg

17 X 28332622(4.84 X 107 — 1.32 x 1075)

(Puae) sy = ol A AR o e =5173 W/m*.¢c
R 1 X 1.0064 X 10%(-3—-7.3557)

’—-a
X
(o

* overall thermal resistance of the superheated region of the evaporator ,figure (3-

7) llustrates that, is calculated as following[14]:

R7 R& S R4 R3 Re Rl

e N N A N s AP e ANINAPINA s NN A ANAAA ANANANAANAAA

Figure (3.7): overall thermal resistance of the superheated region
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Where ,

R: External resistance of the superheated region of the evaporator [mz."C..n"I-*L’].

R: Frost resistance of the superheated region of the evaporator [m°.°C S

K31 Alr side fouling resistance of the superheated region of the evaporator [mz.CC,,fM-’].
R.: Wall resistance of the superheated region of the evaporator [m®. CAW.

Rz: Fin tube constant resistance of the superheated region of the evaporator [mZ.CC;"W}

R Refrigerant side fouling resistance of the superheated region of the evaporator

[m?.°C/W].

& Internal resistance of the superheated region of the evaporator [m>.*C JW.

¢ External resistance

= 0.0165 [m*.°C/W]

*» Frost resistance
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R, =0, no frost in superheated region.

% Air side fouling resistance

i 1
- i P,
ke nm

Faetie
Where,

‘h‘,".c: Air-side fouling conductance[ 1V fm?. “C] which is taken from Chemical
Engineering Hand Book and it is equal(6000 [1 /m?, “C)].

Then,

1
R, ==
* 6000 x 0.93

= 1.894[ m™.°c/w).

¢ Wall resistance

D

A (InF0)
R, =—
T 2K, L,
Where,

K.+ thermal conductivit<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>