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Dimensional Analysis and Empirical
Correlations for Heat Transfer and
Pressure Drop in Condensation and
Evaporation Processes of Flow Inside
Micropipes: Case Study with Carbon
Dioxide (CO2)

In this paper, the experimental results of the emtion heat transfer coefficient and
pressure drop values during condensation and ewwmr of CQ were obtained at
different operating conditions for flow inside nogipes. Reynolds number (ReD) ranged
between 2000 and 15000. The dimensional analysisnigue was utilized to develop
correlations for Nusselt numbers and pressure drépsomparison between experimental
and correlated results was carried out. The resslt®wed that for the condensation
process, the bias errors were 5.25% and 0.4% fasgure drops and Nusselt number
respectively. Consequently, Average Standard DewmgASD) values reached 17.94%
and 4.62% for both respectively. On the other hdiod,the evaporation process, the
Nusselt number error was 3.8% with an ASD of 4.1%B& correlations presented in the
present work can be used in calculating pressugpsdrand heat transfer coefficients for
phase change flows in mini and micro tubes. It fi¢tp enhance design calculations of
heat exchangers, condensers and evaporators.
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The main aim of this research is to correlate ati@i that can
relate the different variables of heat transfer gmdssure drop

Carbon dioxide is an old refrigerant, and the histf its use  characteristics of any flow undergoing condensatipevaporation.
dates back to the end of the"l@entury. The unusual properties ofThis relation will enhance the calculations of hfax from pipes
carbon dioxide give heat transfer and two-phase ibaracteristics with inside phase change flow. Thus, design of leahangers,
that are very different from those of conventiomafrigerants. condensers and evaporators will be more reliabld amore
Examples of such differences are a much higherspresresulting predictable.
high vapor density, a very low surface tension, antbw liquid Carbon dioxide is an old refrigerant. It was used the

viscosity as reported by Kim et al. (2004). . experimental part of this work. Dimensional anaysésults were
One of the major challenges for ¢@frigeration systems is the compared to the experimental resullts.

improvement of the performance of heat exchangeesk and
Hrnjak (2005; 2007), and Abu-Dhem (2006) performentks on Nomendlature
CO, using macro scale tube heat exchangers.

Experimental investigation of the convective bdglirheat ASD
transfer in the super critical region of g€Qlowing through A

Introduction

= Average Standard Deviation
= micropipe internal surface area,’m

micropipes was studied by Liao and Zhao (2002),i@hal. (2007) co2 = carbon dioxide
and X-Jiang et al. (2004). Com = mean specific heat, J/ (kg K)
Thome and Ribatski (2005) listed previous experit@estudies DAS = Data Acquisition System
of CO, flow in macro- and micro- channels undergoing ibgilor D = micropipe internal diameter, m
simple two phase flow. Eu = Euler number
Jokar et al. (2006) used the dimensional analysibrique to f, = friction factor for liquid state
correlate a formula for heat transfer coefficientl &Nusselt number fy = friction factor for gas state
during evaporation and condensation processes fofgemant R- = = some function

134a in mini channel plate heat exchangers.

Alshgirate (2008) studied the condensation and @wadjon of
CO, inside micropipes experimentally and by using disienal
analysis.

The basic objective in dimensional analysis is éduce the
number of variables involved in a correlation bytraducing
independent dimensionless groups of variables (uoeless
parameters). The method for selecting dimensiorgessps is using

the Buckinghamr theorem and the method of indices which is

commonly known in the texts of fluid mechanics,passented by
Chapra (1998) and Oosthuizen and Naylor (1999).
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g(m -py = Buoyancy force per unit volume, kg/(&h)

Ga = Galileo number

hrg = latent heat of vaporization, J/ kg

h; = convection internal heat transfer coefficient, (nf K)

Ja = Jacob number

K = mean thermal conductivity, W/(m K)

Liotal = overall test section length, m

L = length of the condensation region, m

Lg = length of the cooling (gas) region, m

L = length of the subcooling (liquid) region, m
N = number of data points

Nu = average Nusselt number

Nuep. = experimental average Nusselt number
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Nucr. = correlated (predicted) average Nusselt number
Py = barometric pressure, kPa

Pga = Gauge pressure, kPa

Pi =test section inlet pressure, kPa

Pin cona = Micropipe condenser inlet pressure, kPa
Pout = test section outlet pressure, kPa

Pr = Prandtl number

R2 = coefficient of determination (curve fitting)
Re D = Reynolds number

Tsain = condenser inlet saturation temperature, °C
Tt ot = cCOndenser outlet saturation temperature, °C

Tsi = measured surface temperature, °C

T surf = calculated surface temperature, °C

Vm = mean velocity, mfs

Vg = velocity of the gas, m? s

\Y/ = velocity of the liquid, m/s

We = Weber number

w = uncertainty

Greek Symbols

APcong = pressure drop during condensation, kPa

APy = overall pressure drop, kPa

APqy =the pressure drop across the vapor region, kPa

AP, =the pressure drop across the liquid region, kPa

AT = difference between saturation temperature tast
section surface temperature, °C

A Tim = logarithmic mean temperature difference, °C

ATout = difference between outlet saturation temperatur
and calculated surface temperature, °C

AT = difference between inlet saturation temperatanel

calculated surface temperature, °C
4% = distance along the condenser between two
subsequent thermocouples, m

Mco, = mass flow rate of carbon dioxide, kg/s

Qcoz = total heat transfer rate rejected from carborxide
gas, W

um = mean dynamic viscosity, Pa s

ug = gas dynamic viscosity, Pa s

ul = liquid dynamic viscosity, Pa s

pm = mean density, kg/*m

ils| = gas density, kg/

pl = liquid density, kg/ h

o = surface tension, N/ m

\% = volume flow rate, | /min

Subscripts

b = barometric

cond = condenser

corr = correlated (predicted)

exp = experimental

g =gas

ga = Gauge

i =internal

in =inlet

j = thermocouple number

I = liquid

Im = logarithmic

m = mean

out = outlet

sat = saturation

total =overall

Superscripts

a,b,c,d,e, = power constants
f,h,i,j,k, = power constants
I,m,n,p,q = power constants
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Experimental Set-up and Experimental Results

The schematic diagram of the test apparatus usdtisrstudy
and its main components are shown in Fig. 1. Tipesmental set-
up consists basically of:

1- The pressurized CO(g) cylinder as a main source of

carbon dioxide gas.

2- High pressure regulating valve with built-in gadirder
pressure gauges.

3- Chest freezer used as environment to cool, condemde
sub cool the carbon dioxide gas flowing inside the
micropipe condenser test section by natural comect

4- The micropipe condenser.

5- High pressure cutoff and isolating valves.

6- Pressure gauges.

7- Sight glasses.

8- The micropipe evaporator.

9- Data Acquisition System (DAS).

10- Volume flow meter for measuring the mass flow rate
the gas.

K-type thermocouples were used in order to measigeutside
wall surface temperature of the micropipe condensend
evaporators during condensation and evaporatiomepses, the
chest freezer inside air temperature and the armtemperature.

Thirty two temperature readings, distributed aloegch
condenser and each evaporator, were sensed by eK-typ
thermocouples connected to a module of (32 chapnelsch is in
turn plugged into a data acquisition system of rh@&I@XI-1000,
manufactured by National Instruments Company.

The well-known LAB VIEW software was used for presmg
the signals from the thermocouples and for changingo
temperature readings on the screen of a connectzdomal
computer. For each experimental test run, the tians of the
temperature with time were monitored. The tempeeateadings
were monitored until the steady state conditionseveehieved.

The pressure was recorded in three positions aidgtstate
conditions; they were: before condensation, afterdensation and
after evaporation. Volumetric rate of flow i’ was read at the
end outlet flow by a gas flow meter calibrated @, (g).

Experiments were conducted for different pipe dirse at
different pressures, and at settings of differeté of flows. More
than 2500 readings were collected.

Ly o0 b
— Chest Freezer u
Flow direction of
CO: (g) Condenser
>
> Evaporator D
E Thermocouples
[ 1]
DataAcquisition D?
Printer Computer System DAS

Figure 1. Schematic diagram of the test apparatus.

The experimental convective heat transfer coefiicievas
calculated (These data are always used to calcthlateonstants of
the empirical equation as will be shown).

The experimental conditions that were used in #tigly are
listed in Table 1.
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Table 1. Experimental conditions.

Test sections Three micropipe Three micropipe
condensel evaporator
Condensation inside L

Evaporation in still

Process a chest freezer of .
—28°C room temperature ai

Working fluid CO (9) CO ()

Micropipe internal | (g 41 ( 1 g 06,1.0,1.6

diameter, D, mm

Test section total

length, m 29.72 16

Test section inlet 3350, 3600, 4000, | 3600, 4000, 4500,

pressure, kF 450( 480(

Saturation -1.5, 1.23, 5.30, 1.23, 5.30, 9.98,

temperature,C 9.98 12.60

Volu.me flow rate, 1,234 1,234

|/ min

Condensation process

Three micropipe test sections of different interdémeters
were used for the condensation process with 29.7@ahlength for
each test section. The test tube was installedensichest freezer as
a cooling environment. Flow of G@g) inside the tube was carried
out. The micropipe test section outside surfaceptgatures were
measured and recorded in addition to the testasettlet and outlet
pressures and gas flow rate for each test.

The experimental data was collected; the pressuae and the
convection heat transfer coefficients during thendmmsation
processes were calculated and studied.

Evaporation process

Three micropipe test sections of different interdé#meters
were used for evaporation processes with 16 m ketajth for each
test section, located on a table in still, roomgerature air. This
process was carried out for €@). The micropipe test section
outside surface temperatures were measured anddeecan
addition to the test section inlet and outlet puess and gas flow
rate for each test.

The experimental data was collected; the convectieat
transfer coefficients during evaporation processese calculated
and studied

Calculationsof Heat Transfer Coefficientsand Pressure Drop

Calculation of pressuredrop of carbon dioxide

In this research a pressure drop was noticed amd bea
measured during the condensation process onlymplsitechnique
was followed for the pressure drop calculation base dividing the
test section into three regions as presented inZithe first region
was considered a single phase carbon dioxide vsiate cooling;
the second region was considered a two phase flapof and
liquid mixture) condensation; the third region wesnsidered a
single phase liquid state carbon dioxide subcooling

The difference between the measured test sectlehpressure
(Pin) in kPa and the measured outlet test section presB,,y) in
kPa was recorded as the overall pressure dtBg.{) in kPa of the
complete cooling, condensation and subcooling msE® This was
considered for subcritical carbon dioxide flow thgh micropipe
condensers at different inlet pressures, and diftevolume flow
rates for each pressure. Hence, the pressure dropsathe vapor
region (Pg) in kPa, and the pressure drop across the liegibn
(4P) in kPa can be calculated, then the pressure dfoparbon
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dioxide across the condenser (two phase regidR),() in kPa
results from:

APong= APyora — UPg + 4P)) )
where:

AP = (fip Vi2L))/ (2D) @

APy = (fypg Vy” Lg) / (2D) 3

fy , £, are friction factors for the vapor and the liquigtes of
CO,, respectively.

Ly, L are the length of the cooling (vapor state) arel shb
cooling (liquid state) regions from the test sattim meters,
respectively. These lengths can be found by corisgi€ig. 2. This
figure represents temperature values for all pmsstialong the pipe.
Each test produces such a curve.

2 Device:Micropipe internal diamet
2 0.6mm
Process: Condensation

1 Test section inlet pressure: 3600

1
&5
go ‘
Q. 35
£
L1

-1

Length (m

Figure 2. Experimental test section outside wall su
°C versus total test section length during condensat

rface temperatures in
ion process .

From this figure, it is noticed that these disttibns can be
divided into three regions which can be represeitedthree lines:
cooling, condensation and subcooling sections. Tersection
points of the lines between cooling and condensationdensation
and subcooling processes present the actual stdrérd points of
each section.

As a result of this technique, and from the overedt section

length Ligs = 29.72 m, the micropipe length of each region was

found for each experiment.

Vg, Vi are the velocities of vapor and liquid of £i@ m/s which
can be found by the calculation of respective rflagsrates.

pg: p1 are the densities of the vapor state and thedigtite of
CO; in kg/m, respectively.

Calculation of heat transfer coefficient of carbon dioxide
The total heat transfer rate rejected from carbiowide gas in

watts (W) during a complete condensation process the

surrounding aichoz, was calculated as follows:
= *h
Qeo, = Meg, *he

where Mo, is the mass flow rate of carbon dioxide in kg/s agd
is the latent heat of vaporization in kJ/.kg

Convection internal heat transfer coefficieht, is used to
describe the heat transfer at the phase changegzes;, from CO
(9) to the cold environment in condensation process the CQ (1)

4)
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from the hot environment in evaporation procesdi@eheat flux
will be the same either through internal forcedwamion with CQ
(9), or external natural convection with surroundaig All these
processes were performed under steady state cumslitThe two
figures in Appendix A illustrate the two procesgesndensation
and evaporation) and show the limits of the tulmpores, especially
the phase change region.

The rate of heat transfer from carbon dioxide witimer surface
of the condenser is:

Qe =M A4 T ®)
whereh; is the convective internal heat transfer coeffitie

The logarithmic mean temperature difference catmnas:

ATim = UTou—A4Tin) I In UToue!/ 4Tin) (6)

ATout = Tsat, out™ Tsurt (7

ATin = Tsat, in- Tsurf (8)

Alshgirate et al.

mentioned the use of dimensional analysis of atlé@ variables
and 5 dimensions.

In this research, the results for convection heainsfer
coefficient and pressure drop during condensatimtgsses, and
convection heat transfer coefficient during evapioraprocesses
were presented, plotted and discussed.

Dimensional analysis of convection heat transfer coefficient
during condensation

The convection internal heat transfer coefficidn} ¢f any gas
during condensation process in micropipes is exgeiti depend on
the following dimensional variables: the differenbetween the
mean saturation temperature during condensationepsoand the
test section surface temperature; the buoyancy farising from the
liquid-vapor density difference; the latent heatvaporization; the
mean surface tension; the micropipe internal diaméehe length of
the micropipe condenser; the mean velocity; thesquee drop
across the condenser; the mean value of the derihigy mean
specific heat; and the mean thermal conductivitgd dime mean
dynamic viscosity as presented by Incropera anditDé002).

The mean values of the properties were definedidyid and

whereTga outaNd Teaein are the condenser outlet and inlet saturatiogas properties,

temperatures at the outlet and inlet condenser spres,

respectively.Tqf is the calculated outer surface temperature of the

condenser ifiC.

Jiang et al. (2004) calculated the outer surfacepe&zature
(Tsurp) required for logarithmic mean temperature diffe using
the following relation:

ZT OAX,

Tsurt= =1L %)

where:

Ts is the thermocouple measured surface temperatomg ¢he
condensation part of test sectior’@

AX; =X;-X51 (10)
is the distance along the condenser between twaesulent
thermocouples, m.

L is the length of the condensation part of testicedn meter.

The complete condensation test section area (nip=op
condenser internal surface ared) (in n¥) can be calculated as
follows:

A=7xDL (11)

Dimensional Analysis

o +p
(i.6.,pm = '2 S

_lul +:ug

m , etc.).

Liquid and gas properties were obtained from ,C@bles
published by (lIR).
It is assumed, therefore, that:

F [h, AT, 9(p; - Pg)y hfgv Di, L, Vi 4Pcong Pms Go, v Kiny Lm] :(O )
12

whereF is a function. This equation consists of 12 vdaabwith
five basic primary dimensions needed to expresyahiables, these
dimensions are: Power [W] in Watt, Mass [M] in lglam, Length
[L] in meter, time [t] in second and Temperatur¢ifTKelvin.

Based on the above, the number of the dimensiontasables
applicable to this problem was seven.

By using a step-by-step approach, the seven pramables are
selected and another five repeated variables amedforhe selected
prime dimensional variables are:

hy [W/ (L2T) ], g(p|-p)[l\/l/(t2 L), heg Wt/ M, L [L], Vi
[L/t] APcond [M/ (t L)] Cp m[W t/ (M )]

The other repeated five dimensional variables are:
Dy [L1, pn [M/ L], Ko [W/ (L T, e [V (L £)], AT [T]

Notice that the units of specific heat,(¢) and the corrected

The Buckingham theorem and method of indices were usegatent heat of vaporizatiog) are written [W s/ (kg K)] rather than

for finding dimensionless groups appropriate fas throblem, and
new empirical correlations were developed using WMeltiple
Linear Regression Method.

This process of dimensional analysis was discussechany
references. Thome (2005) conducted a comprehemsiiew of
various works for prediction of the heat transfeefticients of flow

[J/ (kg K)], and [W s/ kg] rather than [J /kg], pestively, so as to
utilize the set of primary dimensions or units.
The results of dimensional analysis are in thefaihg form:

F(my, 75, 73, 14, 75, 76, M7) = 0 (13)

in channels with phase change of £®ot less than 10 variables where:

were considered. Thus, a very useful comparison caased out.
Jokar et al. (2006) used this process to find éh&tion between at
least 12 variables affecting heat flux of phasengeafor R-134a
flowing inside tubes. Incropera and Dewitt (2002)scdssed
generally the phase change heat transfer for esfigs and
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ABCM



Dimensional Analysis and Empirical Correlations for Heat Transfer and Pressure Drop in Condensation and...

 — V_D, C
nlzﬁ :Nu,nzzm—llom :R%’nszm =Pr,
My Ke
g(pl _pg)DiS,Om A-I-Cpm
= > =Gans=——""— =Jamg="——
Hm hy D,
AI:)cond
,ﬂ7=m=EU (14)

Empirical correlation of convection heat transfer coefficient
during condensation

The empirical correlation equation for the conwattinternal
heat transfer coefficient during the condensatiooc@sses inside
micropipe condensers out of the dimensionless godubpe average
Nusselt number can be obtained as follows:

_ _ L
Nu = function Re, Pr, Ga, Ja,E ,Eu) (15)

A general formula for heat transfer
condensation can be put in the form:

coefficient idgr

— L
Nu =C Ra)* (Pr)° (Ga)‘:(Ja)“(E)e(Eu)f (16)

where C, a, b, c, d, e, and f are constants.

Solving for carbon dioxide data generated by theegmental
work using the Multiple Linear Regression Methodlwive the
following correlation:

NU =2.56* 169 * [ (Re)*? (Pr)**" (Ga)*'* (Ja)***

% ) -0.72 (EU) 0.2]]

7)

Dimensional analysis of pressure drops of any gas
under going condensation process

The pressure drop of any gas during condensati®q,{) is
expected to depend on the following dimensionaliabdes:
micropipe condenser inlet pressuR, (ong; the micropipe internal
diameter D;); the length of the micropipe condensk); the mean
velocity (V,); and the mean value of the densify,)( and the
dynamic viscosity i)

It is assumed, therefore, that:

F [4Pcond Pin, cond Vi Diy Py iy L] = 0 (18)
whereF is a function. There are thus seven variableslh@ebin the
pressure drop problem with three basic dimensioeeded to
express the variables, these dimensions are: Mdkm [kilogram,
length [L] in meter and time [t] in second.

In this problem there are four prime variables ctelé and
another three dimensional variables occur in @&lth. The selected
prime dimensional variables are:

APeona[M/ (L t 3], Vin [L/ 1], pen [M/ (L O], L [L]

J. of the Braz. Soc. of Mech. Sci. & Eng. Copyright
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The other three variables are:
F)in,cond[M/ (Lt 2)]v D; [L], pm[M /LB]

The dimensional analysis resulted in the followfiogn:

F(T[l, Ty, M3, 1'[4) =0 (19)
where:
AF)cond . .
m = = dimensionless pressure drop,
I:)in,cond
1/2
—Vmpm i3 = Hon Ty = L (20)
27 12 BT 12 1/2 1A=
in,cond Pin,condlom Di Di

The groupsn, andzz are new numbers, once multiplied with
each other a new non-dimensional group is found:

V p1/2 /,{
Ton " ir},/czz)nd Pir:ll,/czondpr}wlzDi )
AV VP VioPr [
Pin,condDi Vmpm Pin,cond meiVm
imi (21)
Eu Re,

Empirical correlation of pressuredrop during condensation

The dimensionless pressure drop can be obtainfedl@ss:

ARong _ function (— EIi ,L ) (22)
I:)in,cond EU ReD Di

A general formula for the non-dimensional pressirap during
condensation can be put in the following form:

%zc(imi)h(i)i (23)
I:)in,cond EU ReD Di

where C, h and i are constants.

Solving for carbon dioxide data generated by thegearmental
work using the Multiple Linear Regression Methodlwive the
following correlation:

1 )0.27(L )0.141

AF)cond =1.56* [(
Eu Re, D

in,cond

(24)

Dimensional analysis of convection heat transfer coefficient
during evaporation

The convection internal heat transfer coefficidn} ¢f any gas
undergoing the evaporation process in micropipesxjgected to
depend on the following variables: the differeneéA®en saturation
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temperature during the evaporation process antegteection wall
surface temperature, the buoyancy force arisingnftbe liquid-
vapor density difference during phase change, #tent heat of
vaporization; the mean surface tension; the mig@pinternal
diameter; the length of the micropipe evaporatog; ean velocity;
the evaporation test section inlet pressure (thera#on pressure);
the mean value of the density; the mean specifat; tbe mean
thermal conductivity and the mean dynamic viscosity
It is assumed, therefore, that:

F [hi!AT! g(p| - pg)v hfgv Oms Div L! er Pinv Pm; Cp, m Kmv lJm]Z 0 ( )
25

whereF is a function. This equation consists of 13 vdaabwith
five basic primary dimensions needed to express vémables.
Based on the above, the number of the dimensioniasables
resulted for this problem was eight.

The results of dimensional analysis are in thefaithg form:

F (nll T2, M3, Ty, Ms, Te, N7, T[g) =0 (26)
where:
- — : C
my = ﬂ =Nu, =, = M =Rey, 13 = ekl =Pr,
g (:0| - pg ) Dispm ATcpm
Ty = > =Ga,is= ——— = Ja'
/'Im hfg
pmvnf Di L Pin
ﬂgz—:WeTh:_,T[g: =Eu
Jm Di Vnr?lom
(27)

Empirical correlation of convection heat transfer coefficient
during evaporation

The empirical correlation equation for the conwattiheat
transfer coefficient during evaporation inside rofipes correlated
average Nusselt number can be obtained as follows:

— L

NU = function Re,, Pr, Ga, Ja, WeD— , Eu (28)
i

This equation can be put in the following form:

— _ L

NU = C Reo) (Pr) (Ga) (3™ (We" (E ) (EW? (29)

where C, j, k, I, m, n, p and g are constants.

Solving for carbon dioxide data generated by theearental
work using the Multiple Linear Regression Methodlwive the
following correlation:

N_u =34.92 * [R%)-O.Sl (Pr)-0.39 (Ga.) 0.11 (Ja)-0.71 ONe 0.81

L
(5" E*

(30)
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Resultsand Analysis

The convection heat transfer coefficient during condensation

The experimentally determined values of the avensdgsselt
number (N_uexp) were compared with the predicted values of the

average Nusselt numberNU ;) obtained from Eq. (17). The
comparison is shown in Fig. 3. A reasonable degfesgreement is
exhibited.

For curve fitting it is clear that the Coefficienit Determination
(R?) = 0.985, which indicates that 98.5 percent of triginal
uncertainty has been explained by the linear model.

The accuracy refers to how closely a computed valgrees
with the measured value. So the inaccuracy (aldleccdias) of
measured and calculated values can be calculafeti@ss:

100 N N—Uex ._N—Ucorr.
PN )

(=]
=
w

6 9 12 15
Experimental average Nusselt number

Bias error (%) = (32)
! Nuexp.
whereN is the number of data points.
The Bias error = 0.462%.
While the Average Standard Deviation (ASD):
100, | NUexp.— NUcorr.
ASD (%)= == (———— |) =462%  (32)
! NUexp.
15] Nu Nu y
Nu 10330 Nu op
R? =0.995
12
2
g
g9
26
&
2 7
o
8
.?g)
&

Figure 3. Comparison of the experimental and predic  ted values of the

Nusselt number of Carbon Dioxide during condensatio n.

The pressuredrop during condensation

The experimentally determined values of the pressimop

AP,

cond o were compared with the predicted values of the

I:)in,cond
AI:)cond . i
pressure drop——— .oy Obtained from the resulted correlation of
in,cond

Eq. (13). The comparison is displayed in Fig. 4eAsonable degree
of agreement is exhibited.
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0.1] P

2 APC,md g The Bias error (%) —1002 (M) 3.8% (35)

§ 0.0¢ &= 0. 9406/// 1 Nu

5 in ,cond - _ exp.

a )"/’ e

2 004 cond_ 25 e While the Average Standard Deviation (ASD):

o .-

9 S 004

s 6 1009, | NUep — Nu

800z - ASD _—Z(M ) =4.14% (36)
% 0.0z 0.04 0.0€ 008

0.
Experimental dimensionless pressure dfcond P, cond €Xp No pressure drop of reasonable value was noticedtHe

. ) , , evaporation process inside the micropipe flow.
Figure 4. Comparison of the experimental and predic  ted values of the

dimensionless pressure drop of Carbon Dioxide durin g condensation.
Theuncertainty analysisof the convection heat transfer coefficient

8 —_— —_— Since the convection heat transfer coefficientfisretion of:
u conr = 1.0081Nu

7 R=0098 )
b= by (Tsurs Pya Pos \% ) (37)

where T, is the micropipe outside wall surface temperatBygjs
the gauge pressure, B the barometric pressure at the experimental

set-up locationy is the volume flow rate.

Then the error depends on the accuracy of preyioushtioned
measuring variables, so the uncertainty of carbdoxide's
convection heat transfer coefficient can be catedlas follows:

Predicted average Nuss
o

’ ' 2E><perim3ental avérage Nu?sselt nur? ! ’ [(%W ) +( \Mg) 2+(arm 2+(ah(n W % 1z
) LV
Figure 5. Comparison of the experimental and predic  ted values of the (38)
Nusselt number of Carbon Dioxide during evaporation
ohe ohe ohe
02 02 02
For curve fitting it is clear that®= 0.85 which indicates that 85%  —— = 1.2799, ———= 0.2377, ———= 0.0061,
of the original uncertainty has been explainedhaylinear model. aTsurf ga b
ohe
AP —<92 - 0.0244
The Bias error (%) —1002 [( CO”d cond ) :
P ov
m,cond in,cond
/ APoon exp] = 5.25%. (33) The uncertainty of the K-type thermocouple(m ) is +1.0C;
incond the uncertainty of pressure gaud®( ) is 0.5 bar; the uncertainty
ga
While the Average Standard Deviation (ASD): of the barometer\NPh) is £0.25 mbar; and the uncertainty of the
volume flow meter\{\/ ) is £0.5 I/min.
100 | ond AI:)cond cond . v ) .
ASD = Z exp.” P cor) P oxd | Finally, the value of the uncertainty of the corti@t heat
m cond in,cond in,cond transfer coefficient is equal to:
=17.94%. (34)

Wy = +1.28 W/ K

The convection heat transfer coefficient during evaporation

Theuncertainty analysis of the pressure dro|
The experimentally determined values of the avenrdgeselt y y P P

. . Since th drop is a function of:
number (Nuexp) were compared with the predicted values of the ince Ihe pressure drop 1s a function o

average Nusselt number obtained from Eq. (19).cmeparison is -

shown in Fig. 5. A reasonable degree of agreensemthiibited. APeong = APeona (P For V')
For curve fitting it is clear that R= 0.995 which indicates

that 99.5% of the original uncertainty has beenlaxgd by the

linear model.

Then the error depends on the accuracy of prewioosntioned
measuring variables. So the uncertainty of the somes drop
coefficient can be calculated as follows:
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The relationship between the pressure drop of cadioxide
during condensation and the measured parameterbecabtained
as follows:

Alshgirate et al.

OAPong — 2.0, OAPong =25*108 % =0.10995
0Py R )Y

Finally, the value of the uncertainty of the pressirop is equal to:

+ 1.0kPa

APcond

Table 2. Correlations resulted by this work.

Process General correlations Specific CQ correlations
a) Convection heat transfer coefficient L L
NU = € Ren)* (P (Ga° (38 (= ) (EW) Nu =256 * 169 * [ (Re)™*" (Pr)**" (Ga*** (Ja)'l-“(g )07 (EY) 7]
‘ D, i
Candensation b) Pressure drop 1 1
APCOHd:C(iDi)“(L)' M :1'56*[(7D7)0'27(£)0'1ﬂ
Pincon Eu Re Di IDincond Eu ReD i
c) Convection heat transfer coefficient L L
Evaporation m =C (ReD)l (Pl’)k (Ga)' (Ja)m (Wen (L )p (Eu)q NLI =34.92* [RQ))—OSI (Pr)—0.39 (Ga) 0.11 (Ja)—0.71 (We 0.81( E ) -0.82 (EU) 0_2]
D, i
Conclusions Kim, M., Pettersen, J. and Bullard, C.W., 2004, iiamental process

The following conclusions resulted from this work:

1- For the condensation process, two empiricaletations were
developed for the carbon dioxide pressure dropcamdective heat
transfer coefficient. These correlations were pdote be highly
accurate for pressure drops with the bias error2§% and ASD =
17.94%, while for convective heat transfer coeffits, with bias
error = 0.4% and ASD = 4.62%.

2- For the evaporation process, an empirical caticel was
developed for the carbon dioxide convective heansfer
coefficient. This correlation was proved to be hyghccurate for
convective heat transfer coefficients with biasoerr 3.8% and
ASD = 4.14%.

3- All resulted correlations obtained in this wake listed in
Table 2.

4- The study covered flow of Reynolds numbRey) ranging
between 2000 and 15000.
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Appendix A

Tube surface Temperature Thermocouples (Ty- To)
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Fig & .1: Condensation process
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Fig & .2: Evaporation Process
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