Zeller's manual for air-conditioning (4 editions from 1994 to 1999)

Now we write the year 2017 and there are still requests for this book, which has been out of
print for many years and is no longer reissued. Meanwhile, electronic distribution channels
have largely replaced books, with the advantage that necessary corrections and additions
can be implemented much easier. The book was developed from the experiences in the
field of climatic engineering when handling humid air since 1970. It did not contain any
fundamentally new insights. It was more than one compendium for interested professionals,
engineers, lecturers and students. Furthermore it has been used gladly and actively as a
supplementary specialist book to our varied multilingual software.

AHH

MDI

AHU

EAC

DEH

ESH

HEH

CCSs

Diverse

Mollier diagram and Carrier psychrometric chart with air processes.
Range -100/300°C, 0/1000 g/kg, -5000/15000 m, 0.03/16 bar.

150 meteorologcical data, further locations from Meteonorm.

3 different ranges of comfort zone from DIN and ASHRAE.

Show your individual measurement points.

Meteorological data interface: Define the service times.
Meteorological data based on Meteonorm.

Air-handling unit configurator: Element handling per drag and drop.
Approximately measurements, weights, pressure drops, prices.

Economy of AHU's with circuit connected heat recovery systems.
Variable air volume flows, amortization time, capital costs.

Economy of AHU's with different heat recovery systems.
Variable air volume flows, amortization time, capital costs.

Glycol Re-Cooler with axial fans, outside or in AHU's.
Dry, adiabatic and hybrid service, container measurements.

Calculation of fin coils like heater, cooler,condenser, evaporator,
heater split, cooler split.

Calculation of heat recovery circuit systems with fin coils.
Different systems with foreign energy in the circuit.

GHH, Mollier diagram for different types of gases and steams.
Spiral rib and circle rib heat exchangers.

HVAC solutions

Jurastrasse 35
CH 3063 Ittigen

+41 (0)79 222 66 42
info@zcs.ch
www.zcs.ch

Zeller Consulting Suisse

Cert.-Eng. Marin Zeller TU, VDI
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Mollier diagram / Carrier psychrometric chart (AHH) thematics
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Representation according to Mollier and Carrier

Process data to the moist air, definition, area, thermodynamic properties
Thermodynamic properties

Approximation polynomials for the thermodynamic properties

Equations for moist air, cooling process

Humidification (Water, wet steam, saturated steam)

Meteorological data and a correct cooler design for sweltering midsummer
AHUL1 reduced: Determine air-conditioning units. Drag and drop the elements

Fin coil heat exchanger (FCHE) thematics

11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

FCHE measurements, corrugated fins, heat exchanger tubes inside grooved

FCHE measurements, fin thickness, basic equations

Average logarithmic temperature difference, counter flow, equal flow, cross flow, cross counter flow
Cross counter flow n-times, cooling process Atm, FCHE surface smooth and corrugatet fins
FCHE surface inside and outside, influence on the heat transfer and pressure drop

Heat transfer coefficient outside

Heat transfer coefficient outside, k-coefficient, air cooler surface temperature

Pressure drop outside on air heater and air cooler sensible

Pressure drop outside on air heater hybrid and air cooler with condensate formation

Definition to the tube coupling and to the collectors, pressure drop in the collectors

Smooth and inside grooved tubes, pressure drop without aggregate state change and inside total
Heat transfer coefficient inside, agents without and with aggregate state change, condensation
Heat transfer coefficient inside, dry expansion evaporation, pump recirculation evaporation

Heat transfer coefficient with inside grooved tubes, pressure drop on the condensation, gradient
Pressure drop on the dry expansion evaporator, pressure drop in the capillaries

Pressure drop on the pump recirculation evaporator, CO2 cooler in the supercritical area

CO2 cooler in the supercritical area

Combination of gas mixtures (REFPROP from NIST) and condensable vapors

Combination of gas mixtures and condensable vapors, application GHH

Combination of gas mixtures and condensable vapors, application HEH-SR-G

VN Nt
bt
et v

o

VDI-Warmeatlas

L
A
N e,

National Institute of
Standards and Technology

REFPROP

Reference Fluid Thermodynamic
and Transport Properties Database

D Horqe

TableCurve 2D
Automated curve fisting
and equation discovery

Dr.-Eng. Boris Slipcevic
Sulzer Escher Wyss
Lindau

Laboratory measurements
were recorded by
empirical equations.
There followed numerous
publications on heat
transfer and pressure loss
during condensation and
evaporation (convective
and bubble boiling) of
refrigerants that flowed
into the software.

Cert.-Eng. Marin Zeller TU
Zeller Consulting Suisse
Ittigen

Laboratory measurements
were recorded by
empirical equations,
especially to the lamella
impression, to the contact
efficiency between tubes
and fins, to the cooling
process with formation of
condensate, the surface
temperature and to the
pressure drop wet of the
moist air.
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Representation according to Mollier
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Process data to the moist air 1) Heat recovery - Circuit connect-system
E?cienw temperature 2&; ?g.ggg
PRt iciency hygroscopic Yo .
Definition Efficiency humid % 0.000
Capacity kW 62,759
The Mollier-hx-diagram represents the air water mixture. It is in Mean temp.diff. K 11.560
such a way developed that the 0 °C isotherm is horizontal in the Coefficient KWK 2.429
range of unsaturated air. The nebula isotherm of over saturated Cold airln  Cold air Out Hot air In Hat air Out
air by 0 °C go parallel to the enthalpy. Ont =0 °C and x = 0 kg/kg
the enthalpy h = 0 J/kg, which leads to ranges with negative Temperature °C -12.000 10.400 20.000 1.771
thaloi pyB h 9 fth terli g . g th Rel. Hurnidity % 100.000 17.090 40.000 97.451
enthalpies. By exchange of the centerlines one receives the Abs. Humidity g/kg 1346 1346 5872 4 955
Carrier-xh-Diagram (Psychrometric chart) within the software Density humid kg/m 1.330 1.225 1.182 1.261
AHH to be alternatively worked can. Enthalpy humid kJikg -8.737 13.857 35.028 12.435
Volumeflow humid m*h 7527 666 8173.325 8511.363 7961.565
Area Massflow dry ka'h 10000.000 10000.000 10000.000 10000.000
Condensed water I-:go.-‘h 0.000 16.170
Usually the Mollier-hx-Diagram is based on a pressure of 1.013 Surface temperature c D _ -3.324
- L . . anger of FREEZINGI
bar according to sea level and exhibits a range, which permits not
all applications. The software AHH permits the desired range for 2) Heating
each application and supports the good clarity because of each .
stretching of the axes of coordinates. Capacity kW 71.780
Air In Air Out
Temperature -100 to 300°C Temperature °C 10.400 36.000
- Rel. Humidity % 17.090 3.641
Absolute humidity 0 to 1000 g/kg Abs. Humidity a/kg 1346 1346
Pressure absolute 0.1to 16 bar Density humid ka/m? 1.225 1.124
Height -5000 to 15000 m Enthalpﬁ humid kJ/k 13.857 39.697
Yolumeflow humid m?/ 8173325 8911214
. . Massflow dry ka/h 10000.000 10000.000
Thermodynamic properties
In specialized books one usually finds the specific temperature- 3) Moistening of air with water
referred thermal capaci.ty. This value points out, hovy muc_h Capacity KW 0.952
energy must be spent, in order to warm up the medium with Moistening flow ka/h 55.020
appropriate temperature around 1°C. If one wants to know, which Moistening temperature °C 15.000
energy is needed, in order the medium of t, to t, to warm up, the Moistening enthalpy kJfkg 62.302
means of the specific temperature-referred thermal capacity must Air In Air Out
be determined. Below the average values were formed of 0 °C to )
t °C and combined into tables and approximation polynomials, Temperature C 36.000 22.488
hich make a fast processing possible on computers Rel. Humidity e 30al 40.000
whic p ap p . Abs. Humidity alk 1.346 6.848
Density humid ka/m?® 1.124 1.171
Enthalpy humid kJ/'kg 39.697 40.040
Volumeflow humid m3h 8911.151 8596927
Massflow dry ka/h 10000.000 10000.000
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Symbol Unit

Description Page 5

Thermodynamic properties

t cpy

-100 1007.20
-90 1006.90
-80 1006.63
-70 1006.40
-60 1006.20
-50 1006.07
-40 1006.00
-30 1005.97
-20 1006.00
-10 1006.08

0 1006.18
10 1006.31
20 1006.45
30 1006.60
40 1006.81
50 1007.03
60 1007.30
70 1007.60
80 1007.90
90 1008.30

100 1008.70
110 1009.00
120 1009.50
130 1009.90
140 1010.30
150 1010.80
160 1011.30
170 1011.80
180 1012.40
190 1013.00
200 1013.60
210 1014.20
220 1014.80
230 1015.50
240 1016.20
250 1016.90
260 1017.60
270 1018.40
280 1019.20
290 1020.10
300 1021.00

CPa

1815.40
1817.50
1819.60
1821.70
1823.80
1826.00
1828.10
1830.30
1832.50
1834.70
1836.90
1839.10
1841.40
1843.70
1846.00
1848.30
1850.60
1852.90
1855.30
1857.70
1860.10
1862.50
1864.90
1867.30
1869.80
1872.30
1874.80
1877.30
1879.80
1882.40
1884.90
1887.50
1890.10
1892.70
1895.30
1898.00
1900.60
1903.30
1906.00
1908.70
1911.40

Pa

0.00160
0.00933
0.05333
0.258
1.076
3.939
12.870
38.101
103.450
259.980
610.480
1230
2340
4240
7370
12300
19900
31100
47300
70100
101300
143300
198500
270100
361400
476000
618000
792000
1002700
1255200
1555100
1908000
2320100
2797900
3348000
3978000
4694000
5505000
6419000
7445000
8592000

hw

42000
83900
125600
167300
209100
250900
292800
334700
376800
418900
461100
503500
546100
588900
631900
675200
718800
762700
807000
851800
897100
943000
989600
1036900
1085100
1134300
1184500
1236100
1289300
1344200

hq

2500500
2518900
2537300
2555500
2573500
2591300
2608800
2625900
2642500
2658700
2674400
2689600
2704200
2718300
2731800
2744500
2756500
2767600
2777600
2786300
2793700
2799400
2803400
2805400
2805100
2802500
2797400
2789500
2778700
2764900
2748000

2500500
2476900
2453400
2429900
2406200
2382200
2357900
2333100
2307800
2281900
2255500
2228500
2200700
2172200
2142900
2112600
2081300
2048800
2014900
1979300
1941900
1902300
1860400
1815800
1768200
1717400
1663100
1605000
1542600
1475600
1403800

CPa J/kgK |Heat capacity from water vapor on Solidus
cpy J/kgK |Heat capacity from dry air
hq J/kgK |Enthalpy from water vapor on Solidus
hy, J/kgK |Enthalpy from water vapor on Liquidus
Pa Pa |Partial pressure from water vapor
r J/kgK |Evaporation heat from water vapor
t °C |Temperature
t2
op = Jo Pt A Stable,
t, —t; 2 non saturated
S humid air
fot cpedi 3—«
t1=0andt2=t—>cp=—t >
£ 100 %
]
Richard Mollier W. H. Carrier
1863 - 1935 1876 - 1950 Non stable,
0°C meta stable,
over saturated

humid air
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Approximation polynomials (-100 <t < 300°C)

1.00617203411816E+03
-5.14584155927084E-04
-5.07744861271335E-01
-4.08693984761444E-06
-3.94830238325583E-03
3.86998536082132E-10
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.68576185706328E-01
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nnnn
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.41424538282508E+00
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.85324578180939E-05
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.13870924045918E-05
.05815083120807E-09
.45705078974294E-08
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1
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.63051146855678E+00
.04547872985726E-03
.19231841629432E+03
.10031771231269€-07
.90297066641696E+00
.66233360384174E-10

11
O NANW

D QN T W

.50049979241906E+06
.09042949248609E-02
.54218801181540E+04
.03477944019292E-05
.30688801015895E+02
.24219636812250E-07
.06485565012501E-01
.15773454895717E-10
.21390880909374E-04

-.>Q +ho on o
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a + ct + et?

C =

DL T+ bt + de? + ft3
a+ct

C =—

Pd =11 bt + de?

a + ct + et?
1+ bt +dt? + ft3

—-100<t <0 - In(py) =

a+ct +et?+ gt3 +it*
0>t<300-In(py) =

14 bt +dt? + ft3 + ht*

b= a+ ct + et?
W1+ bt +dt? + ft3

W - a+ct+et? + gt +it*
T 71 4 bt + dt? + ft3 + ht*

T:hd—hw

The application TableCurve 2D offers more than 7000 equations, sorted
according to the smallest error rate. However, not all equations are suitable
to the same extent, but 3 criteria must be observed:

1. The waves within the data should be minimal.
2. Within the data, singularities are to be excluded.
3. The trend outside of the data should be continuous.
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Equations for moist air H m [Height over sea level
The air pressure depends on the height over sea level, the temperature and the hys J/kg |Enthalpy from the moist air
humidity. As basis for Mollier diagram and Carrier chart the air pressure is to
determine by the height over sea level, the middle yearly temperature (average M, kg/kMol |Molecular weight from air = 28.96 kg/kMol
10°C for middle Europe) and the middle yearly humidity (average 80% for )
middle Europe). My, kg/s [Massflow from the dry air
M, kg/kMol |Molecular weight from water = 18.02 kg/kMol
_Mgh _1+x = 1.01325¢~
Ty =ty +273.16 2= RTyr 14 4 M, Py =+ € Dif Pa |Pressure from the moist air
M,,
v Pif kg/m3 |Relative humidity from the moist air
M 1+x M, M . . . .
i = tPif X = Pw_Pa  _Tw  PyPa Qif W [Capacity with moist air
RTiyp 1 4 M0 My pir = pa My pis — 915Pa
My, R J/IkMolK [Universal gas constant = 8314.41 J/kMolK
M
Pirx M_vlv ) ) To(0°C) J/kg |Evaporation heat from water vapor = 2500500 J/kg
Qi = i hip = cpit + x(ro + cpat) Qi = My Ahy _ o
Pa (1 + xM—l) Pif kg/m3 [Density from the moist air
w
hi — x1p . szpzf _ My (14 x) tir °C [Temperature from the moist air
tf=—"—""7T——— =T i e—
cp1 + XCpq I+x Pif Tif K |Temperature from the moist air
Cooling process Vig m3/s |Volume flow from the moist air
x kg/kg |Absolute humidity from the moist air
X kg/kg |Maximally absolute humidity from the moist air
tw, In the software the cooling process in the heat exchanger is divided in 15 cells in air direction.Here, it is assumed that a
high degree of cross-counter-flow. The surface temperature trx plays in each cell a crucial role. When this is less than the
tr, dew point ttx, condensate forms. For small ttx-trx, the droplets of condensate are small too. These can be separated in a
tk 1st demister only, which produce bigger droplets. A 2nd demister can separate this big droplets. Demisters with less than
! 100 Pa pressure drop have a bad separation. This play the big rule, when the dehumidification during the cooling process
is important.
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Humidification (Water, wet steam, saturated steam) aq --- |[Wet part of steam
The humidification direction is carried out in the Mollier diagram on paper ;
with the aid of the edge measuring rod. This is not possible in the software Ah ‘]/kg Enthalpy difference
AHH because the two axes can be freely selected. .. .
Ax kg/kg |Humidity difference
hpwasser) = hw  Rpassdamps) = hw + @a” hp(sattdampr) = ha hq J/kg [Enthalpy outlet
M, M, Ah hy, J/kg |Humidification enthalpy
Ah:ha—he:Ath:hb.— szxa—xez.—zh—
M, My hy h, J/kg |Enthalpy inlet
M, = AxM,  Q = AhM; M, kg/s |Humidification mass flow
Examples to the Mollier diagram on the right Xq kg/kg [Humidity outlet
Humidification with water of 0°C Xe kg/kg |Humidity inlet
hb:hW:()]/kg g Water
2 =) (=) o o o o
g g g 2 2 2 = = = < = <
- gege . - @ = = = e = (=] (=1} [=1] o (=] (=1}
Humidification with water of 50°C s 5 5 2 & & g o v 9 S
= 5% 10% 15% 20% 30% _ a0%
hy = hy, = 209’100 J /kg ﬁ_ﬂg_?sz A xf-—*; yd A A
—_—t—1T T 1 | uny .X(/
e . 40 ° <
Humidification with wet steam of 110°C, wet part of steam 50 % \ ! /f ’ N B3 50%
7 N
Il
hy = h,, + agr = 461'100 + 0.5 - 2'228'500 = 1'575'350 J /kg ] [WENY 2 NP 60%
A > LN 5
Humidification with saturated vapor of 150°C A PT > 70%
o / /i — ] / Pa Tl 80%
hy = hy = 2'744'500 ] /kg 30° i % Z Z =
] Air pressure 1.01325 bar )5 90%
I I 3 Air on inlet 10 kg/s / 30 °C / 40 % / 2 g/kg abs. humidity - 100%
Note that moistening with constant enthalpy can only be achieved with water of . b I\ JA Air on outlet 7 g/kg abs. humidity » o >
0°C. During humidification with water > 0°C the enthalpy increases, albeit little. 2 < /| 1) Humidification with water from 0 °C b=
}{ '," i Vi 2) Hum?diﬁcation w?th water from 50 °C E
If the desired relative humidity at the outlet is desired as an input value, this must N 2L o o e 2ty o 3
be done by means of iteration, which is the case in the software. 20 © TimAN= /‘ 7 K NFTTD 9% N &
fan 1 awzayaivasZCIRREN &
IRVAWIW AR, a o \Kf > &
117 NA pd °
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Meteorological data and a correct cooler design for sweltering midsummer

The German standard DIN 4710 recorded 87'600 events a 0.1 hours per year as average values of the period from 1961 to 1990 and therefore forms a large area
in the Mollier diagram. The software from Meteonorm recorded 8'760 events a 1.0 hours, and therefore forms a smaller area in the Mollier diagram than the

German standard DIN 4710 what is arisk in the design of coolers in sweltering midsummer.

A =32.0°C/ 40 % /63.0 kd/kg = Usual calculation

B =31.0°C/ 58 % /73.7 kd/kg = Meteonorm for 2020
C=32.0°C/ 65%/82.9kJ/kg =DIN 4710, 1961-1990
D =12.3°C /100 % / 35.2 kd/kg = Cooling

E =18.0°C/ 69 % /41.0 kJ/kg = Reating

A - D: Big risk management
63.0 - 35.2 = 27.8 kd/kg =58.28 %

Cooler size loss = 41.72 %

B - D: Middle risk management

73.7 - 35.2 =38.5 kJ/kg =80.71 %

Cooler size loss =19.29 %

C - D: No risk management

82.9 - 35.2 = 47.7 kJ/kg = 100.00 %

Correct cooler size

Summary

The correct cooler calculation does not depend on
the highest summer temperature but on the highest
enthalpy in the summer.
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AHU: Determine air-conditioning units. Drag and drop the elements
The neutral configurator for air-handling units shows
standard values for the weight, the dimensions, the /. =~ = /
pressure drop and the price of each component of 2 2 % = ||s © F G 2 (ABJ_
air-handling units. v LY RA
ra W e ra
Regarding internal usable width and height, the ‘ & Y +
. . . ) - AUL z N ZUL
configurator it based on standard filter dimensions of OA z N SA
610 x 610 mm or divisible units. \— ‘ W N
The individual components you do not must Air-Handling U = 1960 x 2570 mm ) Length Weight  Pressure drop Price
calculate thermodynamically. The values based on Qutside air Filter 1.87 ) mm kg Pa EUR
average default values. 100.00
After entering the air quantity and the maximum 350.00 100.00 27.00 2180.00
permissible speeds, based on the air filter we offer a ggg-gg ’1:113'88 igigg %%gg-gg
variety of dimensions. 650.00 590.00 87.00 9250.00
T ig with flaps 350.00 80.00 18.00 1160.00
You can select by drag and drop, the individual water 1300.00 300.00 88.00 5560.00
components and enter the external pressure drops. 400.00 320.00 £3.00 5280.00
separator 150.00 70.00 88.00 1500.00
; ; 200.00 200.00 23.00 3270.00
As ‘;”63?.”' all ff'evagttg.atat's Ct’.bta'n for ﬂgfttwo fid absorber 1300.00 300.00 53.00 5560.00
air-nandling units and this at a time expenditure n - Efficiency 88.00 % - Capacity 12.01 kw 2200.00 780.00 88.00 12900.00
of just a few minutes. ound absorber 1300.00 300.00 53.00 5560.00
Empty part little with flaps 350.00 100.00 27.00 2180.00
Supply air 300.00
Total 9650.00 3490.00 1268.00 60080.00
Air-Handling Unit { H x W = 1960 x 2570 mm ) Length Weight Pressure drop Price
Return air ( 28000 m3/h - Filter 1.74 ) mim kg Pa EUR
Return air 150.00
Empty part little with flaps 350.00 100.00 23.00 2180.00
Filter G 450.00 140.00 95.00 2290.00
W Filter F 650.00 210.00 126.00 3390.00
Sound absorber 1300.00 300.00 46.00 5560.00
Fan - Efficiency 75.00 % - Capacity 9.75 kW 2200.00 780.00 76.00 12900.00
1) Sound absorber 1300.00 300.00 46.00 5560.00
Empty part big with flaps 350.00 80.00 16.00 1160.00
~  Humidifier Humidifier water 1300.00 300.00 76.00 5560.00
CC-System 650.00 590.00 87.00 9250.00
N B N N Droplet separator 150.00 70.00 76.00 1500.00
-3 5 X T Empty part little with flaps 350.00 100.00 23.00 2180.00
o | B | e B | Exhaust air 100.00
W D w1 O 1
Total 9050.00 2970.00 940.00 51530.00




Fin coil heat exchanger Symbol Unit [Description Page 11
PRI < B > a ° |Inside grooved tubes twist angle
B m |Fin package width
00 A Y g
0088 B ° |Inside grooved tubes flank angle
QOI_OO Da m [Heat exchanger tubes outside diameter
In line
Di m [Heat exchanger tubes inside diameter
| Air direction ,
Dr m [Heat exchanger tubes grooves diameter
T
02 df m |Grooves thickness at the foot
©
[ dm m |Grooves thickness average
staggered
OO OO ds m |Grooves thickness on the head
O _0O
©5%45 v H m |Fin package height
$oo !
O .
o~ |—& h m |Grooves height
S2 N Lt Ld Lc m [Fin corrugation depth per tube row
Ld m [Fin thickness
Corrugated fins Heat exchanger tubes Lh m |Fin corrugation height
inside grooved Ln m |Number of fin creases per tube row
Lt m |Fin spacing
o n --- INumber of grooves
S m |Heat exchanger tubes thickness
5 S1 m [Heat exchanger tubes interval on the height
S2 m [Heat exchanger tubes on the depth
T m [Fin package depth
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x
‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ Y I Aq m2 |Heat exchanger surface outside
O 0 O O] o e ]— ¢
OOOOOOOO 0| s T A; m2 |Heat exchanger surface inside
) —
© 000 R T g W/m2K |Heat transfer coefficient outside
— : L ] —
O —— I X; W/m2K |Heat transfer coefficient inside
0°6°%5°5° Erorerreeeeees — ! Ahyg J/kg |Enthalpy difference of the moist air
0O 0 0 © e — : , :
O 0 0 0 | O | — O Ahyy, J/kg |Enthalpy diff. from the heating or cooling agent
0 0 0 O “ B ] — <
})OOOOOO ] : ................ :: 2 Atp, K |Average logarithmic temperature difference
© © 0 "% Lt T Sw m [Heat exchanger tubes thickness
M +H<E »LE NBPL --- |Bypass efficiency between the fins
MKRL --- |Contact efficiency tube / fins
Nkry = 1.00 for fin thickness = 0.20 mm NwRL --- |Heat transfers efficiency tube / fins
NkrL = .95 or fin thickness = 0.18 and < 0.20 mm Nwrr --- |Heat exchanger efficiency total
Nkrr = 0.90 for fin thickness = 0.16 and < 0.18 mm fa m2K/W |Fouling factor outside
Nkrr = 0.85 for fin thickness = 0.14 and < 0.16 mm fi m2K/W [Fouling factor inside
Nkre = 0.80 for fin thickness > 0.12 and < 0.14 mm kg W/m2K |K-coefficient concerning the outside surface
NkrL = 0.75 for fin thickness = 0.10 and < 0.12 mm Aw W/mK |Heat exchanger tubes thermal conductivity
p=4R[(Ly — Lg)Dam + 2L35:S5,]1/(L¢S1S,) q=1—e7P M kg/s [Mass flow from the heating or cooling agent
ngpL = q%%° r=LaA/(Ag/A)) s=1—e" nyg, =52 My, kg/s |Mass flow from the dry air
Nwrt = NkRLNBPLNWRL Q = MltAhlf Q = MAhm Q W |Capacity
. 1 1 Agby Ag 1 A, Ry Piece [Number of tube rows on the height
Q:kaAaAtm k_=OC_+fa+I/1_+I;+Ifi .
a a t 7w L L R; Piece |Number of tube rows on the depth
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Average logarithmic temperature difference t11 °C [Inlet temperature hot agent
Counter flow t12 °C |Outlet temperature hot agent
At; =ty — tyy Aty =ty — ty At; = At, - At, = Aty to1 °C |Inlet temperature cold agent
Aty # At, - At,, = (At; — Aty) /In(At, /At,) tao °C |Outlet temperature cold agent
Equal flow n Piece |Number of counter flow packages
Aty =ty — tyq Aty = ty, — tyy Aty = Aty > At, = Aty i --- |Cell number
Aty # At, — At,, = (At; — At,) /In(At, /At,) ‘ B — ‘ Equal
Cross flow ‘ - » ‘ Cross flow 1-time
p = (t11 — t12)/(t11 — t21) q = (tz2 — t21)/(t11 — t21) ‘ - —. ‘ Cross counter flow 2'times
Cross flow Ltime ‘ — L1 | » ‘ Cross counter flow 3-times

‘ — 11 » ‘ Cross counter flow 4-times
r=1-(q/p)n(1/(1-p))  s=gq/In(1/r) L[} » | Crosscounterflow 5-times
At = s(t11 — t21) ‘ — ‘ Cross counter flow 6-times
Cross counter flow 2-times ‘ —L ‘ Cross counter flow 7-times
b=q—x=1-p/(2(p—1) ‘ e ‘ Cross counter flow 8-times

‘ O i ‘ Cross counter flow 9-times
D#qox= Ja-9/Q-p) —a/p | — L} » | Cross counter flow 10-times

1-q/p  —LfHfH > | Cross counter flow 11-times

r=1-(q/p)inx

n
At = Q/Z kayAac
i=1

s = q/(Zln(l/r))

Cross counter flow n-times

Bt = s(t11 = t21) | —HFHFHFHFH> |

FHHFHHHH |

A |

|

Cross counter flow 12-times
Cross counter flow 13-times
Cross counter flow 14-times

Counter flow
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Cross counter flow n-times

Cooling process sensible only
Temperature profile exponential
Optimal temperature difference

Cellsi=1,2,3,4,5,..n

t11

t22\

/

N

t12
t21

Smooth fins

A =2(5S Do’ ReRy (2 -1
[ 192 4 thh Lt
Corrugated fins
— et Ly(L, — 1)\ 180
¢, = arctan L T fo=

4

m2

Heat exchanger fin surface

Cooling process sensible & latent
Temperature profile deformed
Reduced temperature difference
Cellsi=1,2,3,4,5,...n
e

\

\
\

NN |
NN
NOINL Y
\\\\ .
\\\\:‘\
'\.\ \
-,\\
x\\ t12
e t21

Heat exchanger manufacturers, which do not calculate so and
specify the Atm for countercurrent, constantly supply to small
air coolers, which is still too often the case, one hopes
nevertheless cynically that it will not be measured.

Exponential
functions for
countercurrent-flow

Equal temp.diff.

Coolant
temperatures

Effective
functions for
real-flow

Rel. Humidity = 100 %

Flat or marginal corrugated fins, combined with tubes in line, show the smallest air pressure drops on the air side.
Highly corrugated fins, combined with staggered tubes, show the highest air pressure drops on the air side.
Manufacturers who offer strongly corrugated fins mostly have too thin fins. They only need heavily corrugated fins
to add just a bit of stability. The claim that they are doing it for reasons of increasing performance, one can

L,
(2 +Lc) + (cos(ean/180)>

confidently deny.
D, ’m B
Ay =2fa| 5152 — RiRp(——1
S 4‘ Lt
2
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Heat exchanger surface outside A, m2 [Heat exchanger surface tubes outside
B fn --- |Factor for the heat transfer
AT‘ = DaT[(Lt - Ld)RtRh L_ -1 Aa = AT‘ + Al
t fap --- |Factor for the pressure drop
Heat exchanger surface inside with smooth tubes
Ai = DiT[BRtRh
. . . \ P = Y
Heat exchanger surface inside with grooved tubes o = ~ =fs =
D; + D.)m Zh T S =2 ¥ v
dm _ it Dom Ay =n|[ ————\+|d,, — htan s
4n cos ( B ) 360 —
360 @
(%)
T Es
Ay = Ay +|n| dpy <htan (%)) A; = Ar,BR(Ry, XY
4
Corrugated fins
Influence on the heat transfer and the pressure drop
2
L,m Lnn)) 0.05 o° Ln
—1 [ EnT o sin [ 22" =(L,+ 1" 4 TN
fx +sm<180)+0 (Sm<180 fy n | _
b E—— ~N
R A wi
__Ln fe Ln 5 ~ ~
fo = fxfy fe = L—L, fo="1p fap = fn { DLa J
C
j ™ 82 gl

Heat transfer coefficient outsi

de

The equations of the VDI-Atlases of the years 1955 to 1984 supply too high, the equations of the years 1985 to 1997 too low values for the heat transfer
coefficient of the moist air. This fact is positive, because it allows calibrating based on laboratory measurements. Thus studies with TUEV showed that
the mean value of the two approaches, so a relation of 1:1, resulted in a match with the measurements. VDI-Atlases of recent date are useless because
various authors have applied double integrals from zero to infinity and similar impracticable mathematical excesses.
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Heat transfer coefficient outside (VDI 1955 to 1984) C m/s |Average velocity of the moist air
S S, T\ L — Ly 2 CPifm J/kgK [Average heat capacity of the moist air
a=D— sz_ ¢:(1_4_>L_ fa(staggered)zl_f_% i . .
a a a t Atyf K [Temperature difference of the moist air
b o . .
P 0.7 (E - 0_3) . 14 £,(R, — 1) Mifm Pas |Average dynamic viskosity of the moist air
a(in line) b 2 . R, A W/mK |Thermal conductivity of the fins
1,01'5 <a + 0.7)
Aifm W/mK |Average thermal conductivity of the moist air
Dym . M(1+ Vi . L
lhya = — Vifm = (1 +xi7m) ¢ =20 Pifm kg/m3 |Average density of the moist air
2 D1 Fm BH .
% m3/s |Average volume flow of the moist air
o = CilnyaPirm CDrm = Ahyy _ MifmCPifm um ?
l YMirm ym Aty LT Aifm Xifm kg/kg |Average absolute humidity of the most air
0.037Re;*8Pr; faNw 4y
_ 05p..1/3 — _ 2 2 _ _ fm
Nu, = 0.644Re,"Pr, Nu, 1+ 2.443Re; 1 (P2 — 1) Nuz = 0.3 + /Nu1 + Nu, Nu; = fyNus a = T
52 Sl Da Zal TanhX Al
Pme = 1.28D_a S_Z —0.2 hme = 7(pme -DA+ 0-351npme) X = hpe m = X NKRL m=1- A_a(l —9) Aglola) = My
Heat transfer coefficient outside (VDI 1985 to 1997)
S S SiL ' D _ MymCPifm
=L p=22 = 1L¢ . YWWirm Re, = WaPifm Pr; = %
D, D, (S1 = Dg)(Ly — Lg) L BH Mifm fm
2 ((5152) - (Dazn/4)) + (Dam(Le — L))
U= D,7L, R <3- fa(in line) = 0.2 R >3- fa(in line) = 0.22
a
Re<2- fa(staggered) =0.33 Ry =3- fa(staggered) = 0.36 Ry >3- fa(staggered) =0.38 Nu, = faRelo'6l9_O'15PT'l(1/3)
JaNwiAir S1\? S1 2 | ! Sy 1
o = D—am L. = (El) + 522 S < ? = Pme(staggered) = 1.27D_a 2;2 —03 Sy = ? = Pme(staggered) = 1.27D_a S_z - 03
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S |S2 fwold) --- |Factor for the heat transfer coefficient VDI old
S1 < 52 = Pme(in line) = 1-28D_ S 0.2 o
a1 fwnew) --- |Factor for the heat transfer coefficient VDI new
S, |81 kg --- |Factor for the surface temperature
512 52 = Pmel(in line) = 1-28D_ S 0.2 o
a2 t °C |Temperature of the moist air
D 2
hpme = 7‘1 (Pme — D@ +0.35Inppe) X =hye % tm °C |Temperature of the coolant agent
1ld
TanhX A to °C |Average surface temperature outside
Y= NKRL m=1- —((1-9) Aa(new) = N
X A,
Heat transfer coefficient outside on average < Gtot
— ©
&= § S 3
fw(old) Xa(old) +fw(new) XKa(new) o 5 a0 O]
a= PP P
fw(old) + fw(new) Air temperature
,  §
k-coefficient concerning the outside surface Temperature profile
1 A6 A1 A Fouling inside o
G, =— Gr, = G. =2 =2 G.=-2f d outsid =1
wa = o fa="Jfa Guyw A, 1, wi = g i 2, fi and outside 3 2
1 Eﬂ Surface temperature
Geot = Gya + Gfa + Gyw + Gy + Gfi ko, = G - A
tot ﬂ:J /
o) ()]
. _ _ @ S
Air cooler surface temperature of the moist air > £
% = o E
Gtot - Gwa 4 Gtot Gwa " 2 g =
= 1. =" < 1.00 = k, = >/ <
Nwrr = 1.00 - kg Cror Nwrr = m=nNwyrr Ky Grot Cooling agent
temperature
to = tm + kgt = tm) Y

The poorer the total heat exchanger efficiency is the higher is the surface temperature of the air. This is true for much too thin fins with poor contact to the
tubes, for a few tubes in the depth and for large fins distribution due to the bypass effect. Such air coolers have too little latent power and can therefore hardly

form condensate.
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Pressure drop outside Apg Pa |Pressure drop from the tubes

Ax =0 -  Air heater and air cooler sensible Ap,, Pa |Pressure drop from the fins

Air heater Air cooler Apyary) Pa |Pressure drop from the air (dry)

sensible sensible

/ / BH . D, S L
c;Dyp 0.5 2 A
Re, = S2aPum 2807 (0.75 + (b*5 — 0.6) g =21
Ax=0 Ax=0 ONipm Ay = 60l ! Re;
1.2 b 3 a 3 A 1/1 _(Re;+200
Ax(staggerea) = 2.5 + (a—0g5yios + 04 (; - 1) —0.01 (5 - 1) S2(staggered) = Wézs + ;(R—t - 0-1> Ertstanneredy =& + & (1 —e (00 ))
0.94\°¢ A 1/1
1——— b __ A
_ < b ) (5-15) $atintine) = vt g <— - 0-1>
AZ(in line) = 0.03(a—1(b—-1)+10.22+ 12W 10\a Re'O.l(a) a“ \R;
2 C1dnyap L;—L
_(Rer+1000 Apg = ExRepl — =1.8(L; — L 1D Re, = ydiym 52t
Erintiner = &1 + & (1 —e ( 2000 )) PR fR Pt 202 dhyd 8( ‘ d) 0 “ “ Q’?lfm 51 - Da
d 2 -
64 hyd 2.51 r
5 y 1
_ = 1 = 0.000078 §&1=F— & = <2109 (—> + 1-14> =| —2lo +
B = 0.84 + 0.66¢ 7033 t 17 P Re 2 m 3 g RepJE  3-71dnya
= max( )y € — 025 + 5452 E1(in i — 025 + 542 Ap, = &R if A = Apg + A
&y = max(éq, &5, &3 L(staggered) . \/gdhyd L(in line) . dhyd PL Liepi 2()2 dp Pi(dary) = APr pL
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Ax >0 -  Air heater hybrid (sensible and latent) CPkm J/IkgK [Average heat capacity of the condensate
Air heater /56'9 Ahs = sensible Ahyf(sen) J/ikg |Enthalpy difference of the moist air (sensible)
Anl = latent APi(moi) Pa |Pressure drop of the moist air
Nkm Pas |Average dynamic viscosity of the condensate
fiamoi) --- |Pressure drop factor (moist)
In --- |Factor for cells with condensate formation
& Akm W/mK |Average thermal conductivity from the condensate
Ax>0 x21 x22 n --- |First from 15 cells with condensate formation
The equations are identical to those for sensitive air heaters and air Plem kg/m3 |Average density from the condensate
coolers to and with the pressure drop of the air dry, see page 18. 0.33
Now the calculation for the pressure drop with sprayed fins follows. Ahlf
Ahlf(sen) = hin — hyy fl(moi) = AR Apl(moi) = fl(moi)Apl(dry)
If(sen)
Ax <0 - Air cooler sensible and latent 16 —n
fn = 15
i = Ax
Air coqler 5 %, AhSAhlserI]aStIg]et fu = 0.04f, (1 — g~bx/0.004) _ /Prm
sensible (((1 = 8)/prpm) + B3/ piem))
& latent
114 Pifm = plfm(1 = fu) + Prmfo CPifm = Cplfm(l — Ax) + cprmAx
t12 Mifm = Lpm (1 = f) + L fu Mm = Mpm(1 — AX) + Mg Ax
With the corrected material values (moist air with condensate), the equations for
sensitive air heaters and air coolers can be applied to and with the pressure drop of the
air dry, see page 18. Now the calculation for the pressure drop with condensate on the
fins follows.
Ax<0 x12 x11

0.33
Ahlf(sen)) Pi(moi) fl(mOl) pl(dry)

Ahlf(sen) = hln - h12 fl(moi) = <
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Definition to the tube coupling and to the collectors Ckm m/s |Agent velocity inside of the collector
Example CPm J/kgK [Agent heat capacity
Number of circuits (NC) = 8 Dy m [Collector inside diameter
Number of passages per NC (PA) =4 Apy, Pa |Collector pressure drop inside

Nm Pas |Agent dynamic viscosity

Am W/mK |Agent thermal conductivity

NC --- |Number of circuits

PA --- INumber of passages per NC

Qki m2 |Collector cross section inside

Tk m |Roughness inside of the collector

Pm kg/m3 [Agent density
Pressure drop in the collectors

. . ) :

Ah,, = cppAt,, M= % V= % Qi = ij} i Ckm = Qlkl Reym = Ckm:+pm
Tk(coppery = 0.000002 Tk(staintess steer) = 0.000080 Tk(Gatvanized steery = 0-000160 &= Ri:m £, = 0.3164Rey, *2

&5 = 0.0054 + 0.3964(Rey, *?) &4 = ( log (Rekm\/a))_z

Dy -
& = <2l0g <—> + 1.14)
Tkm

Repy, <100 - &7 =& Reym = 100 — & = max(&y,$5, €3, 4,65, E6)

fkm

=f7(Hk+Lk)+3 Crkm

-2

=| —2log
6 Rekm\/a 371Dkl

2

Apy = —
Dki Pk fkmpm 2
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Definition to the smooth tubes Qri m2 |Tubes cross section inside total
Di*n Dnya m [Hydraulic diameter from the tubes inside
Qri = NCT Dpnyq = D; Tr(copper) = 0.000002 _ o
Ap, Pa |Pressure drop in the tubes inside

Tr(Stainless steel) — 0.000080 Tr(Galvanized steel) = 0.000160 L.
Apy; Pa |Pressure drop total inside

Definition to the inside grooved tubes

(D; + D,)*m 4Q,;
[ — NC ——— p—vl
er 16 hyd A-rz

T'rr(Copper) = 0.000002

Trr(Stainless steer) = 0-000080

X 1T

4
Trr(Galvanized steet) = 0.000160 T, = Ty + hsin (@) A

Pressure drop in the tubes for agents without aggregate state change

14 CrmPnva P 64 _ -2
Cm =7 Repy= 2 Pm g £, = 0.3164Re,,, °%° £ = 0.0054 + 0.3964(Rey **) ¢, = (10g (Reymv/s))
Qri Nm €rm
, -2
Dhya - 2.51 n PA&,B
§5 = <2109< ry >+ 1-14> $6 = —2109< + 3 71rD ) §7 = max(§1,$2, €3, §4,$5,$6) Srm = D — 4+ (PA—-1)
T Re,rmr/ €6 . hyd hyd
2
c
Ap, = Ermpm%

Pressure drop inside total from the heat exchanger

Apy = Apy + Apk(Inlet collector) T Apk(Outlet collector)
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Heat transfer coefficient inside Niig Pas |Agent viscosity on Liquidus
Agents without aggregate state change g m/s2 |Fall acceleration (9.81 m/s2)
This relates to liquids or gases, so also for condensers regarding hot-gas Alig W/mK |Agent thermal conductivity on Liquidus
cooling and condensate sub-cooling and for injection evaporators
regarding the suction gas superheat. Pliq kg/m3 |Agent density on Liquidus
Pr. — NmCPm -2 )
Tm = Em = (1.82log(Reyy, — 1.64)) R J/kg |Agent evaporation heat
%” (Re,, — 1000) Pry, 3 . 5 Dpya 1 [ReyDpyq
Nu, = » Nu, = |[3.66° + 1.61 RermPrrmT Nu; = 0.664Pr,3 T Nu,, = max(Nul‘Nuz ,Nu3)
1+12.7 (Prm§ - 1) ’%”

Nu, Ay

®i(smooth tubes) — D—
hyd

Agents with aggregate state change (Boris Slipcevic)

Condensation, evaporation in injected and flooded operation. The equations are closely
related. They lead therefore to a result only through iteration. High velocities improve
the heat transfer, but lead to higher pressure drops, which reduce the average

logarithmic temperature difference. The pressure drop must therefore be converted from

Pato K.

Condensation

PUEIRTY 0.25 L1 .
liqg Pliq . a
fiam = 0943 | ———— i = — t =
am nliqB Iliam A T tam) Iliam ky
lig Piig"bg , a
fi =0.003| —— i =— t = —
turb nliq3R Ilturp A; Cieurn) Ilturp ke

®i(smooth tubes) = max(ai(lam)» ai(turb))

Hot gas cooling
Condensate sub-cooling

Gas-superheating
| | Condensation

Evaporation

Rl

=

S

Agent optimal

uced
Pressure drop

Atm red

reduced S ) Agent effective
T ___Pressure drop _
A Agent optimal
_ Gliam 0.25
Atygm = t Xi(lam) = framAtiam
am
_ 9lturb 0.5
Atpyrp = b Ai(turb) = feurbAteurp
ur
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Dry expansion evaporation Nsol Pas |Agent viscosity on Solidus
y exp
- /hiquiqo'% B — 25, e --- |Agent flashgas part at the inlet point
L 9%%0501%00111g 05751750, 0225 9(Piiq = Psot) Hy J/ikg |Agent enthalpy difference
g 0 m kg/sm2 |Agent mass flow density
D; =0511B; F; =056 |>= ;= o+ Ha= R(1-Ey.) _ _
1 i P, --- |Agent pump recirculation factor
2.059;;, % H, % 1337,0.133 p 0133 Psol kg/m3 |Agent density on Solidus
BZ =
g°2(t, + 273.16)04S,%°F, 026D, 3% ;0233 S N/m |Agent surface tension
Q M 0.9(1 - Ifge)o'lKlml-‘* to °C |Evaporation temperature on Solidus

M=—— m=—— QAi(kon) =
5 .
Hq Qri Injection evaporator Evaporator

Dyya®
Capillary pressure drop =
0.1 . 0.1 0.7
_09(1 - F) " Bpri®'Q; _
Xi(bub) = D, do_s di(smooth tubes) = max(ai(kon)'ai(bub)) .’ <=
y

Pump recirculation evaporation j
<'Eﬂ_

Evaporator on hot gas
. . . = . it defrosting or condenser
Q Q M ump circui on change over service

g R .
F; =056 |— Qi =— H; =— M=— m=—-— evaporator
,’D1 ' i I Hq Qri =
o 2-059)lth0'6Hd0'133Tr0'133PsolO'133 . _ K1m1'4 {} <=
2 g%2(t, + 273-16)0'45t0'3F1O'266D10'399,01iq0'233 i(kon) Dhydo.s p

A

- 90'3,05010'667711'610'5757750 g(pliq _ psol)

AiiqPriq™"® 25;
Ky = o Bi= [ Di=05115

05 Aj(Ssmooth tubes) = max(ai(kon)' ai(bub))
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Inside grooved tubes, heat transfer coefficient inside Apr k) K |Pressure drop total inside
G, Pa/K |Gradient

pr pr
df = dpm + (htan <360>> ds =dp <htan (360))

_ tanhyp(X)
B X

2 &;
ir 2‘ dlr

dir = 0.75d, +0.25d; X = d;

Xi(Grooved tubes) — Zai(Smooth tubes)

. ((1 - Y)Ar1>

Arz

Pressure drop in tubes for agents with aggregate state change

Pressure drop on condensation

Niiq _ Pliq fvmo 5

fl? = 77_ fd - p_ wl = 1/6 1/6 1/3 —

! ot 6211”9 °Prig > fa

N 14 14 19/8
fw2 = Z 0.1 ((0.171 —0.05)19 + fwl(O.ln —0.05)19(1.05 — 0.111)0'5)

n=1

mD 64
Rerm - hyd 51 = 52 — 0.3164Rerm_0-25
Niiq Rerm

&5 = 0.0054 + 0.3964(Re ., )

D
$5 = <2109<

&4 = (ZIog (Rerm\/a))_z

2.51 7

-2
hyd) )

+1.14 &g = _2109< n )
7, Repmy/Es  371Dnya

)+5

-2

57 - max(fl: 521 531 544 ES! 56) = PA
Ermfw2m2> Ap,
Ap, =|——— |+ Thz A = —
Pr ( 20501 pllq psol Pr() G,

Gradient, valid for condensation and evaporation

Refrigerant R410A (REFPROP) Polynomial approximation (Table Curve 2D)

Temp. (t Pressure Gradient (Gr
og:] Pa (P) PE.I'K: ] P =ﬂ'+bt+l‘:t2+ﬂ.t3
30.00 1889338.04
32.00 19538619.80 50611.13 a=T777887.5515
.00 2091782.57 52576.39 b = 2769340974
36.00 2198933.37 54600.09 c=234.7441189
[ 3800 | 231018292 56678.16 d = 2.568952299
40.00 242564603 5e014.84 |
| 42.00 | 2545442.29 G1012.67 Gradient = Differential according to t
44,00 2669696.70 G3274.56
46.00 279854051  65603.38 G, = b +2ct + 3dt?
458.00 2932112.21 G3004.53 — — — .
50.00 07055564 t=40— G, = 58804.05

Gra0) =

Simplified calculation method Gradient =Pa/K)

see green cells above TOO00
P4z — P3s /
——  —— =158814.84 65000
tyy — t3g
60000
The error is 0.0183 % /
against the exact method 55000 r
However, one go closer 50000 /

to the critical point,
the error increases significantly.

30 40 45 50

Temp. (*C)
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Pressure drop on dry expansion evaporation Dqy m |Capillary outside diameter
P Niig ;= Pliq f f,m03 Dy m |Capillary inside diameter
v = d=— wl = 0.
Msol Psol 62m1q " 9V 5 puig /3 £s*" Apy Pa |Pressure drop in the capillaries
S 14 14 10/8 Sk m |Capillary thickness
fz = Z 0.1 ((0.1n —0.05)T5 + f,,1(0.1n — 0.05)T9(1.05 — 0.1n)°'5>
n=1 Fyaxk --- |Flashgas on capillary outlet
mD 64 i
Re,,, = hyd £ = £, = 0.3164Re, ., 25 he.) J/kg [Enthalpie on (...)
Msol Rerm .
_2 Ly m |Capillary length
£3 = 0.0054 +0.3964(Reym %) ¢, = (2log (Repmy/Zs))
) -2
Dhyd B 2.51 T
=| 21 +1.14 =| -21 = - (fv_B )
$s < 09( T ) > $6 ( 0g <Rerm\/a+ 3.71Dnya §7 = max(§y,¢2,¢3,$4,$5,$6) &rm = PA| 2=+ 145
grmfw2m2> ( 1 1 > Apr
o= () (e (L L))y,
’ 2psol Psol pliq Pr Gr pk
- 0 - A
Pressure drop in the capillaries .
R — h(tsey + htom 1 ol
Foar =1 — R Nm = FgarMsor + (1 - Fgak)nliq Pm = 1— Fgak Fgak & E
Pliiq Psol g v
) M D2 mD; 64 ) v g
Vi = — Qui = NC—2 - Rejm = — §1= &, = 0.3164Rey, °2° 4 to
Pm m Reym ,
-2
-2 D; 2.51 T
_ -0.3 _ ~ik | _ r
&5 = 0.0054 + 0.3964(Rey, *°) &, = (2109 (Rekmﬁ)) & = <2[0g ( - > + 1.14) &g = ( 2log <Rekm = + 3-71Dik)>
's;—kmm'2

& =max(E, 62,80, 6085.8)  Eum = PA(ZE )25

Div




n=1

&5 = 0.0054 + 0.3964(Re,,, *?)

2.51 N 7
Rerm\/f_6 3-71Dhyd

$6 = —2l0g(

CO2-Cooler in the supercritical area

Because the thermodynamic values for cooling of
CO2 in the supercritical range extremely change,
the cooling process must be divided into 15 cells.
The heat transfer coefficients, the mean
logarithmic temperature difference and thus the
need for a heat exchange surface change in the
cells.

The calculation for the heat transfer coefficient
and pressure drop occurs in the individual cells,
as in the case of the media without a change in
the state of the aggregate.

Ermfwat? ) 1 1 A
Ap, = ( rmJw2 4 [ 02 _ Apr(K) _ Pr
2Ps01 Psol  Pliq G,

&y = (Zlog (Rerm\/a))_z

) §7 = max(§1,$2,$3,$4,$5,S6)

Fin coil heat exchanger Symbol Unit [Description Page 26
Pressure drop on pump recirculation evaporation Fyq --- |Flashgas part on the outlet point
Niiq Piiq ﬁzmo's 1 Fga
f = f = = F = =— = =
Y Nsor ¢ Psot Fus 621134 1/6g1/6pliq 1/3fd0'1 9% B, 20
10 14 14 0.5 19/8 ;
14 14 : mD 64
fwz = Z 0.1 <(q(2n — 1)+ f,1(q(2n — 1))1° (P;,a —q(2n— 1)) ) Repm = — hyd §1= o & = 0.3164Re,,, "%
lig rm

Carbon dioxide R744 (C02) supercritical

Pressure

Inlet

Outlet

Mass flow
Density in
Density out
olume flow in
Volume flow out
Welocity in
Welocity out

Preszure drop

bar
C

*C
kg'h
kgd/m3
kgd/m3
m3'h
m3'h
m's
m's

kPa

Temp. (*C) Pressure (bar)
120 100
30.000 ;; aq A o
110,000 100 / an
35.000 - B
3214457 g 70 \
154.930 60
852130 &g /;" 50 I!
20,748 » ..._."__.() Py, /
4855 40 0 /
EF..I"" 30
3467 -
0.811 20 -
10 /
42955 0 o




CO2-Cooler in the supercritical area

Description Page 27
Pressure (bar)
110 ll I| Il'i P ||I III b, :\ \iﬁﬁ\ l.
100 |i ||I ll'n \ \I'\\ \T'I\ . \ \ \ ' \ \l
w0 U N L\ LN \\ J &\ Hxx \
o - PR R YA Y
, el 1IN AL .
. .y AN P
. L A T/ /
. = AAVAAN S vava
: NAVAVALINS L/
20 pd E\\"}Q\X ' \><:I". HH / /|
10 e %%%K\ \\.

100 125 150 17s 200 225 250 2¥5 300 225 350 375 400 425 430 475 500 325 550 / /

tc=30978°C ! pc=T3.773 bar / hc=332.075 klkg

Enthalpy (kJ/kqg) / /
0.4 \\ / //
0.3 /
The precise determination of the injection point (flash /!

gas) and the calculation of the capillaries are also a 0.2
problem. These are carried out in the application
HEH-DX-Evaporator.

0.1

\

0.0 !
0.0 0.1 0.2 0.3 0.4 0.5 0& 0.7

0.8 0.5 1.0

Enthalpy (---)
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There is very good software, such as REFPROP from NIST, which allows the calculation of the thermodynamic values of non-condensable mixed gases. A
partial condensation of water is not taken into account. Software that would allow such calculations is not offered at a reasonable price. With the
applications GHH and HEH-SR-G we offer the possibility to carry out such calculations at a reasonable price. By means of REFPROP from NIST, the
mixed gas is first determined without condensable water vapor. Subsequently, the cooling process with condensable water vapor is calculated in the
application GHH. GHH is therefore a Mollier diagram for non-condensable mixed gases with the possibility of calculating a partial condensation of water
without determining the exact size of the heat exchanger. Alternatively, HEH-SR-G applications can be directly used when determining the size of the heat
exchanger accurately.

Micture Information x|
Midture name: fitrogenosegendcarbon dioxide/carbon monoxide

4 REFPROP - NIST Reference Fluid Properties (DLL version 9.1)

Molar mass: 30,638 kgfkmol File Edit Options Substance Caloulate Plot Window Help Cautions
— Saturation figed points 4 1: nitrogen/oxygen/carbon dioxide carbon monoxide: p = 100000.0 Pa (55/25/15/5)
Critical Paint Cricondenthe
[Max Temp.]
T o Urk 67 404 Temperature [ Fressure| Density Cp Therm. Cond.| “iscosity Brandil
emperature g Aglaltl g} g=T8 = _ | _
Frezzure [Pa] Ik nown Y091 200.0 I: C:I (Paj I:kgfmaj |:-|."'k~'§l K:I |:"-"'"-"'."'m K:I I:F"EL S:I
Density (ko) Unknowir 160.34 1| -1oo.00 100000, | 21395 | 965.59 0.015077 | 0.000011493 | 0.73607
= 2| -75.000 100000, | 1.8660 | 9GE.75 0017183 | 0.000012951 | 0.72864
lLemmgeieils < eageelion _ 3| -B0.000 100000, | 1.6550 | 96952 0.019194 | 0.000014351 | 0.72492
[Mass Fraction 4] -25.000 100000, | 1.4872 | 97318 0021158 | 0.000015697 | 0.72200
ogen oE 5| 0.00000 100000, | 1.3504 | 97731 0.023085 | 0.000016994 | 0.71944
P 0% Bl 25000 100000, | 1.2367 | 981.86 0024974 | 0.000018244 | 0.71727
p—m——— 015 7| B0.000 100000, | 1.1407 | 986.74 0.026826 | 0.000019453 | 0.71565
e —TE . gl  75.000 100000, | 1.0886 | 991.93 0028641 | 0.000020624 | 0.71430
' q] 10000 100000, | 098756 | 997.43 0030419 | 0.000021760 | 0.71352
ggggnsp'tioga ”;r':;edt ggfldogn“Sgglne-COa“tgf”Sagt;'re 10| 12800 100000, | 092845 | 10032 0032162 | 0000022864 | 071320
y us wi u W \Vi ,
calculated with REFPROP from NIST. For our 11 160.00 100000, | 0.87071 | 1009.3 0.033873 | 0.000023939 | 0.71331
applications GHH and HEH-SR-G the values of -100 12| 175.00 100000, | 082208 | 10157 0.035553 | 0.000024986 | 0.71379
to 300°C are required in steps of 25 K even if, for - 13|  zoo.oo 100000, | 077861 | 10222 0.037204 | 0.000026008 | 071461
example, only a cooling process from 150 to 30°C is 14 22500 | 100000 | 073351 | 1029.0 | 0038828 | 0.000027006 | 0.71571
to be calculated. Furthermore, the proportion of
into thes_e applications. In the following example, 16 275.00 100000, | 067203 | 1043.0 0042002 0.000028936 ¢ 0.71856
the cooling occurs with water from 10 to 40°C. 17| 300000 100000, | 0.64271 | 10502 0.043555 | o.ooo0zas71 | 072023
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A water vapor quantity of 50 g/kg at the inlet was assumed. |Moliier TX diagram for Gas Steam
At the outlet it is still 20 g/kg. Accordingly, 30 g/kg water loco
vapor condenses from. The size of the heat exchanger was Name Gas mixture Viater
determined only rudimentarily. A more precise calculation Formula N2+02+C02+CO H20
can be made with the 3 applications HEH-SR-G: . CAS o TTAeIEs Compary
Molecular weight kg/kMol 30.638 18.015 Branch
Triple point temperature C 0.000 0.010 Street
1. Cooling with liquid media Evaporation-Enthalpy (0.000 °C) Jikg 2500900.000 Country / ZIP f City

2. Cooling by injection evaporation
3. Cooling by pump-circulating evaporation

Temp. [ *C )

160 —
| / P /

o ! ! d - -

Gas mixture | Water Inlet Qutlet Coolant
— :\"--.

Pressure barabs 1.000 Inlet C 10.000
Temp. C 150.000 30.000 Cutlet C 40.000
Rel. humidity % 1.645 82377 Heat transfer Wimz2K 3000.000 "
Abs. humidity o'kg 50.000 21.317 - T
Density humid kg/m3 0.843 1.159 Gas mixture P
Enthalpy humid klikg 250.790 33.939 - \2 —

Heat transfer WimzZK 54.000 _ ] ___\_ -
Wet bulb temperature C 51.887 27.439 - &
Dew point temperature C 41.119 26.662 Cooler }
“olume flow humid m3/h 12461.503 8520.704 )
Mass flow dry kg/h 10000.000 10000.000 Fin gpacing mm 3.000
Condensate flow kagvh 286.833 k-coeff. WimZK 37.245 P

Countercurrent-flow Atm K c27e4 L

Capacity sensible KW 352322 Efficiency Atm - 0.716 -
Capacity latent kv 222127 Effective Atm K 37.809 / rae—
Capacity frost KW 0.000 - / — | N
Capacity total kKW 574 445 Required surface m2 407 5925 = P ——

r
=1

45 a0 55
Abs. humidity [ g/kg )

Phone: sooososooooo:
Fam: sooooonoo
E-Mail
Homepage

City, 04.01.2017
With the compliments of

Representative
Direct dialing
IR

software by www . zcs.ch
created for the range
0.5/ 20 bar
=100/ 300 °C
01000 g/kg

3
&9

Reduce the pollutants
by cooling,

condensation and
optimal separation
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Cooler: 42036/20-12R-30T-18004A-3.0PA-30C-AIS1 316/A151 316/A151 316
Capacity kv 570.980 7 sensible: 352 635 loco . :
Surface reserve % 7.321 latent: 218.345 Application GHH HEH-SR-G
Present surface m2 434 840 frost: 0.000 Company
Reguired surface mz " 404.589 Branch Capacity sensible 352 kW 353 kW
k-coeff. WimzK 37.254 ———— ffi 5.000E-05 Street Capacity latent 222 kW 218 kW
Mean temp. diff. K A7.845 ffa: S.000E-05 Country / ZIP / City Capacity total 574 kW 571 kW
Gas mixture / Water Inlet Cutlet Medium Phone: s
Fax: 20000000000 Required surface 407 m2 405 m2
E-Mail
Pressure bar 1.000 Homepage
Temp. C 150.000 30.000 S0.000
Rel. humidity %% 1.648 24197 10.504 City, 04.041.2017
Abs. humidity g/'kg 50.000 21.805 45787 With the compliments of
Density humid kg/m3 0.243 1.198 0.924
Enthalpy humid kllkg 250.790 85237 214 544
“olume flow humid m3'h 12451.503 8527.533 10639.337 Representative .
Mass flow dry ka/h 10000.000 10000.000 10000.000 Direct dialing Piece 380 Tubes: flat AlSL31E
Condensate flow kg/h 281.950 OO0 Pigce 0 staggered
Surface temperature C T7.812 16.875 Piece 0 Collectors: 1.23 mis AlSI 316
Welocity m's 1.526 1.044 Piece 0 Connections: 1.23 mis AlSI 316
Pressure drop (dry 119 Pa) Pa 139544 Software by www.zcs.ch Piece 12 Fins: ricbed AlSI 318
Piece 30 Frame: 2.00 mm AlSI 318
Viater Inlet Outlet Medium Piece 12 Circulations: 1 Default
Piece 30 Protection: without
Temp. C 10.000 40.000 25.000 I 191 .
Density kg/m3 997 208 .
Spec. heat kJ/kgK 4120 kg :22051 N El. heat rods: o
Heat cond. Wimic 0611 - Z ir flow direction: horizental
Viscosity Pas 2 001E-04 mm 1340 Special Bottom plate perforated
Wolume flow mh 16428 § mm 2070 for perfect condensate drain
Welocity m's 0.598 mm 510 o
Pressure drop kPa 15.066 mm 1280 Sp"a,l:"bs AL, L8 il
FIIed W K m=n mm 1800 i| ? E
Who prefers to let lay out the whole, Finned depth LF mm 436 @;\* e |||||| —
can contact us for what we need of Frame on top RO mm 40 = A E =< |IIH || _
course all data. We will gladly provide Frame on bottom AU mm 0 N o I S
you with an offer on a fee base. Erﬂm& in front X RV mm 20 =2 |||”|
rame on back (~34mm) RN mm 34 e {,;;\:I: il 4
Collector-Diameter K mm Fi: ] =
It should be noted, that we make such Collector covering AD mm 186 =i Sfﬂ‘?g ey a7 = L&"J
calculations only against prepayment. Collector distance K mm 401 @y LQ%; RT
Fin spacing LT mm 3.000
Fin thickness LD mm 1.000 Delivery: 56 weeks
Cert.-Eng. Marin Zeller TU, VDI Tube diameter d/D mm EU.CI:JCIl-‘-U.CIEIEI “alidity: 12 weeks
Tube thickness ] mm 1.000 Condit.: net, prepaid address
Tube interval on the height =1 mm 42 000 Payment: 30 days net
Tube interval on the depth 52 mm 36.373 Hon el. rods: EUR 38802.00
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