Atmospheric Work Production
and Dissipation

» There is a potential to do work when heat
is carried upwards by convection in the
atmosphere.

= Producing this work is not trivial;
the expansion must be carried out at
mechanical equilibrium.
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Work Production

In 1905, Austrian thermodynamist Max Margules used closed
thermodynamic systems to calculate the mechanical energy
produced as a result of isentropic re-arrangement of air
masses.

Margules calculated the work produced when air masses of
uniform entropy initially side by side are re-arranged so that
they are on top of one another

He also calculated the work produced when air masses of
uniform entropy initially on fop of one another exchange
position.

The next slides give examples of a Margules re-arrangement.
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Margules re-arrangement of large air masses

initially on top of one another.

Fiston \

Cylinder

L. Michaud

\

B=290K
H =907 kd

A= 300K
H="1122 hJ

Initial Conditon

(high entropy
on bottorm )

H = 2059 MJ

P, =20 kPa

P, =60 kPa

P, =100 kPa

AH=7119 kd
W =4h = 872 Jikg

5= 300 K
H =935 kM

=290 K
H=1113rJ

Final condition

(high entropy
on top)

H = 2052 MJ

The work corresponds to a velocity of 42 m/s

Motes:

m=(P, - P }g= 8163 kg

Closed piston covered isolated thermodynamics system
Mass hased on column area of one square meter
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F=20kPa

F=E0kPa

F=100kFa

L. Michaud

Margules re-arrangement of large airmasses

H = H =
odsmd 1010 M
=250 kK D= 300 E
H =907 M B= H= H =938 MJ
H= 300 k_ A0 E | 230k B=297
H=1152 M. H=1114 M.l
State | State 2 State 3
(high entropy (side by side] (high entropy
on bottom) on tap)
H = 2054 M. H = 2055 M H = 2052 M
AH = 3558 Kk AH = 3558 Kk
&h =436 Jfkg Ah =438 Ik
AH=7115 Kkl
A h =872 kg

The wark in gaing from state 2 to state 315 15 half as much asin
gaing fram state 1 to state 3 because state 2 is an intermediate state.
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E quations

Enthalpy per unit mass

h=C,T

Enthalpy of a large air mass

HetE P = _CEIP)"- B

g(k+1)(P)"
where  K=R/Cp=27

Entropy per unit mass

s =C, In (2) + constant
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Worlke production when a thin layer is raised

T Q,, = - 6343 J

F'istl:un\
Nz 20kPa  — [EERDEET TR S
a=290 K | s=30K
T=1832K T=189.4K
Z=10959 m
B=I10K B=I0LK B=I10K
_ B=00WE | — = [ 8=30E
Tp;;gunipa - LIFTING
STATE 1 STATE 2 STATE 3
Q;, = 10050 J

The wark per unit mass can be calculated using four methods giving the same result.

1. Heat received minus heat aiven up
W=0Q,+a_ . =3703J

2. Heat received multiplied by the Carnot efficiency based onthe temperatures
at which the heat isreceived and given up.

W= Qg (1 - Ton /Ty 3 = 10080001 - 183.20290) = 10050 * 0.368 = 3702 J

Correspondsto avelocity of 86 mis
3. Previous M argules' equation for the enthalpy of large air mass.

4. Standard meteorolodical Convective Ay ailable Potential Eneoy (CAFE) equation.

The work per unit mass raised is appradimately four times higher than in the
Margules mass on top of one other case hecause the air is raised approximately
twice as high and because the work is allocated to the raised air anby.

The work is related to the heat received and to the termperature at which heat is
received by the Carnot efficiency, which is not evident when using large air masses .
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Manzanares ldeal Process Work Calculation

T G = (0 298.05- 317.82) G = 18963

F'iatl:un\1
|

P= o7 7akPa — RSl EEEEEAT Taaaratat!

A A = 300 K | a-zm K
E:%%%%ﬂ T=31782K

A =300 K B =300 K =300 K

LIFTING
T=2300kK
STATE1 STATE 2 STATE 3

Q= 20 C, = 20083

The work per unit mass can be calculated using five methods giving the same result,

1. Base delta-F from density difference (standard engineering method)
DeltaP = (PR (delta-T) gz = (1000000 2873(320-3000*9.8%200= 142 Pa
Waark = Gy (Turbine delta-Ty = G (320 - 11987 =131 4

2. Heat received minus heat given up
W= Qi+ Qg = 20093-19963= 1314

3. Heat received multiplied by the Carnot efficiency based on the temperatures
atwhich the heat is received and given up.

W= Qg (1 - Toe /Ty, 3 = 20093 {1 - 283.09/300) = 20093 * 0.0065 = 131
4. Previous Margules' equation for the enthalpy of large air mass.
f. Btandard meteorological Corwective Available Potential Eneoy (CAFPE) equation.

The work is related to the heat received and to the termperature atwhich heat is

received by the Carnot efficiency - not evident from bhase pressure reduction method.

The waork corresponds to a velocity of 16 mis.
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F=20kFPa

i 5 T=1832K
B =250 E
G =300 K C P =100 kP a
T=200K

The wotk iz the zame whether the 300 K potential temperature
parcel iz moved o A or B.

The work produced when the parcel izmovedto C iz zem.,

Work i= produced during upward hest transport, work 1= not
producad as a result of horizontal heat transport.

Horizontal versus Vertical
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What does it mean? (1)

The fact that the work calculated using the Carnot efficiency method is the same
as the work calculated from the reduction in enthalpy provides absolute validation of
Margules’ approach.

The work produced when large air masses change positions can be calculated using Carnot
efficiency by calculating the average temperatures at which heat has to be supplied and
removed to restore the initial condition.

Work in the air masses initially side by side case is half as much as work in the air
masses initially on top of one another case because half as much air is raised,
and not because of horizontal distance.

In order fo see the relation between temperature and work the system must be simple
*One dimensional,
‘Tsolated,
‘Close, Uniform entropies,
-Simple change of condition.

Once the significance of Carnot efficiency is realized, reduction in enthalpy results can be
verified in more complex situations by calculating the average temperature at which heat
has to be supplied and removed to restore the initial condition.

See Michaud: Thermodynamic Cycle...
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What does it mean? (2)

Margules’ closed thermodynamic system (CTS) method is based on
conservation of energy.

Other methods of explaining the energy of the wind include:

1. TIsentropic rearrangement to a reference state that minimizes total
enthalpy,

System with a horizontal gradient - Arakawa and Schubert

One dimensional column - Randall
Carnot Engine without the explicit use of close system - Emanuel, Renno.
Equation of Motion (EOM) dynamic models.
Convective Available Potential energy (CAPE) - Acceleration of buoyant
rising air mass.

hwn

Without rigorously defined thermodynamic system, results of rearrangements
and of the Carnot Engine method can not be independently verified.

Equation of Motion models are verified by their ability to match observation,
But a small change in initial conditions of a model parameter can have major
Effect on development making validation difficult.

CAPE does not consider work of expansion and compression.
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What does it mean? (3)

Margules’ closed thermodynamic system method (CTS) and the equation of motion (EOM)
method are both based on constant entropy processes. The CTS method is able to
answer many questions that are difficult to answer with EOM method.

The CTS method unequivocally shows work production results from upward heat transport
and not from horizontal heat transport, but the fact that work is produced in the case
where air masses initially side by side are re-arranged was used to justify that theory that
horizontal heating gradients are responsible for producing energy .
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What does it mean? (4)

The Margules method yields efficiencies of approximately 15% because
the atmosphere receives and gives heat at average temperatures of 290 K
and 250 K respectively.

Margules obtained lower results because his layers only extended up a few
kilometers.

The heat transported upward by convection averages 150 W/m? therefore
the work is approximately 25 W/m?.

Estimates of the efficiency of the atmosphere range from 0.01% to 15%!

L. Michaud Work Production and Dissipation
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Where does the mechanical energy go?

The Margules method is silent about what happens to the mechanical energy.
The mechanical is presumed to somehow increase the kinetic energy of the air.

In order to understand what happens to the mechanical energy it is necessary to
examine at specific reversible processes.

The specific reversible process does not have to correspond to the real world because
all reversible processes produce the same quantity of work.

The Margules only works for reversivble processes; there is no way of analyzing
irreversible processes.

With specific processes, the effect of irreversibility can easily be investigated
By replacing reversible operations (turbines) with irreversible operations (restrictions).

The next section examines what happens to the mechanical energy.
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Van Ness: "Understanding Thermodynamic”
Concept of reversibility chapter

Reference: Van Ness, H.C., 1969:

Understanding Thermodynamics. Dover Publications Inc.,
New York, Pages 17-25.
http://vortexengine.ca/misc/Van_Ness.pdf

Initial condition Final condition

Van Ness Figure 1

The whole weight is slid off the piston at once.
No work is done.

None of the weight is lifted.

L. Michaud Work Production and Dissipation
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Van Ness Figure 2

1/2 w 12 w
12w 12w 12w
12 w
Initial condition Intermediate condition Final condition

Van Ness Figure 2

Weight is slid off half at a time.

Work is done.

Approximately half of the weight is raised half the height.
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Van Ness Figure 3

LN

- o | A

Van Ness Figure 3

Sand is slid off one gain at a time.

The maximum work possible is done.

All the sand is raised approximately half the height.

The process is at mechanical equilibrium and is reversible.

L. Michaud Work Production and Dissipation
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Van Ness Tsentropic/Isenthalpic Expander

= Maximizing work production requires that
the force acting on the piston be gradually
i reduced. The process is reversible.

= Suddenly sliding the weight of f the piston
and letting the piston slam against the latch,
lif+ no weight and produces no work. The
process is irreversible.

L. Michaud Work Production and Dissipation 17



Reversible Expansion and the Automat

A
Rising
Cylinder
Cylinder  piston
\\
Automat
P1 — P2
AN
Latch

Rising Horizontal cylinder

Air rises in a weightless cylinder with a latched piston.

When the latch is let go, the work required to push away the ambient air
is less than the work that could be produced by isentropic expansion,
therefore the excess work becomes heat.

Capturing the work requires that the expansion take place in mechanical
equilibrium.

Without the automat to capture the work any work beyond the work
required to push the ambient air away is lost.

L. Michaud Work Production and Dissipation 18



Rising cylinder expansion can be of
three kinds

Expansion of pure air initially at 100 kPa and 30 C to 95 kPa.

A. Isentropic expansion: T2=25.6 C, W=4431 J/kg
B. Unlatch against 95 kPa: T2=26.63 C, W=3384, Wloss=1047 J/kg
C. Unlatch against O kPa: T2=30 C, W=0, Wloss=4431 J/kg

B is equivalent to popping a balloon. No organized velocity is
produced; the POP sound provides indication of the work dissipation.

B is what happens to a rising air mass. If there is no mean for
capturing the work while the air expands, the work reverts to heat.

Approximately 20% of the work that would produced with isentropic
expansion is lost irrespective of the change in pressure.

I.e. 20% of the work would be lost if the pressure change had been
from 100 to 99.9 kPa.
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Work loss form lack of mechanical equilibrium calculation

Rizsing cylinder

/ Piston
P, H/ R,

Initial € ondition

Final Condition P1 |:| Flz

Eeversible Expansion

= k
TBR_ TA [:F'z l,fFl1J whene k=R/Cp=2/7

We = Co(Ta- Tgg)
lrreversible Expansion

T =T kR I+1 4 +1) from
W= Ty Ty, )

A h=P, (4V)

Loss Work

\'n"lioss"‘.(s =100 (WR' WI :l"rWR

Wieey = 100 (R + 101G +1) - (R)9) 7 (1 - R9) wher  R=P,/P,

Lirnit Woss%

as R approaches 1 is 222%

Therefore 22.2 % of the woark that would be produced if the expansion were
carried out at mechanical equilibrium is lost as the cylinder is raised
irespective of how small the friction between the cylinder and pistan.
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Energy dissipation when the balloon
is punctured - Poption?

\/

D —

POP
What happens to the kinetic energy of the jet which could be
captured by the turbine if the balloon is punctured?

Work Production and Dissipation
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Mechanhism permitting Constrained or Unconstrained air transfer

Automat
J/ (in vacuum)
i Latch #2 L
& E Piston iff = E
o= =S
£Eg \ «Latch# | 5 8
Yalve “alv e
#1 #2
w” e
= ]
Base pressure Cylinder Base Pressure
100 kPa and Pistan 95 kPa

ZConstrained reversible transfer - Efficiency 10 to 30%  (no latch)

1. Start with piston at bottom of the cylinder, openwvalve #1,

2. Automat raises piston and let 1 kg of air at 100 kPa in cylinder,

3. Closevale #1,

4. Automat raises piston until cylinder pressure decreases to 85 kPa,
f. Openwvalve #2,

B. Automat pushes piston to the bottom of the cylinder.

Mote: airtemperature decreases - work is produced .

Unconstrained irreversible transfer- Efficiency 0% (2 latches)

Az above except after step 3. set latch #1 and #2
Automat lets go of the piston, release latch #1, piston snaps against
latch #2 without doing any worl.
Mote:Position latch #1 to haold piston in place; position latch #2
so that the final pressure is 35 kPa by trial and error.
Maote: Air temperature does not decrease - no work is produced.

22



Expander Types

Isenthalpic Expander h2 =h1, T2=T1

Work

Isentropic Expander s2 = s1

L. Michaud Work Production and Dissipation
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Results of not using reversible process

=Unrestrained expansion is less well recognized as a

source of energy dissipation than frictional dissipation.

=Reversible systems are the only one for which energy
calculations can be done. The alternative is likely to be
ho calculation at all. (H. Van Ness)

=Atmospheric science is generally unwilling to consider
ideal machines or closed system.

» Unrestrained expansion agitates the molecules to the

point where any work which would be produced
dissipates (irrespective of gas viscosityl).

L. Michaud Work Production and Dissipation
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Work Tester

/f" Kl
W=nh-~Ayz
z
o
— i AL
| lEErtropic
Expander

L. Michaud

The Margules method
confirm=that the work that
could ke produced when
air iz lited izentropically
can be calcuated using the
total energy equation.

The total energy equation
method does not reguire tha
the air maszes have unifonm
entropy or that the svstem
he dozed.

Work Production and Dissipation
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Isentropic Lifting

A 3
« Isentropic lifting requires an
isentropic expander (except in the
_ special case where W=gz).
Isentropic
Turbo-Expander . . . .
1 , « Isentropic expansion is widely
used in meteorology.
Work -Isentropic expansion implies that
work has been produced and taken
Isentropic Lifting out of the sys’rem.
s3 =582 =s1
T3<T2<T - No shaft, no isentropic
Work = h1 - h2 .
expansion.
h3=h2-gz

L. Michaud Work Production and Dissipation 26



Single Tube System

@) -4 1______

Inside of tube acts
as upflow conduit

Cutside of tube acts

a5 dow nflow conduit T /

@ Festriction Turbine

W= (v )t 2
veox 0 - |+8i/—e -

Single tube gravity cycle.

The inside of the tube acts as the upfiow conduit.

The outside of the tube acts as the downflow conduit.

The cross sectional area of the conduit has no effect on ideal
cycles because the velocity is assumed to approach zero except
at the turbine.

L. Michaud Work Production and Dissipation 27



Isenthalpic Lifting

If there is no work taken from the
I system (no shaft), entropy must
iIncrease.

Static energy (h+gz) is what is

conserved.
Isenthalpic The isenthalpic expander is not
i esential. A plain fube without an
1 > | Sl 2 isentropic expander is all that is

necessary for the expansion to be

N constant a constant static energy
Isenthalpic Lifting

Work =0 = h1 - h2 one.

s2>s1, s3==5s2

T2=T1, T3< T (Adiabatic lifting with no mixing assumed
h3=h2 - gz in both cases)
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Atmospheric consequences (1)

The kinetic energy of the wind is a only fraction of the work that
would be produced if the expansion occurred at mechanical
equilibrium.,

Most of the potential work is dissipated because the expansion is not
carried out at mechanical equilibrium.

Significant horizontal winds is only produced:
‘when equilibrium requires that heat be carried horizontally as
well as vertically.
-or when the expansion work is transmitted downward by the
chimney effect of a convective vortex.
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Atmospheric consequence (2)

If the work is not captured during the expansion, it is
inexorably lost.

The motion produced as a result of density differences
represents a small fraction of the mechanical energy that
could be produced.

Calculating wind using equation of motion models can never find
the work lost as a result of unrestrained expansion.

The work loss as a result of unrestrained expansion is lost

irrespective of whether the expansion is considered to be
reversible (isentropic) or irreversible (constant static energy).
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Atmospheric consequences (3)

The usual meteorological isentropic expansion implies that
work leaves the system which it does not.

The expansion cannot be isentropic when there is no shaft
to take the work out of the system.

If there is no shaft the expansion has to be at constant
static energy, h + gz = constant.

The fact that atmospheric flow can occasionally be

sufficiently organized to approach mechanical equilibrium
makes atmospheric motion difficult to predict.
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Annular Tube

1 N
I ] [ l l \ Dry air
1 T descended
from above
//
Boundar
] /y ‘\ y \\\ Moist
Expander Centrifugal l I ----------- - surface
~. pump rotor ~__ ‘l /’T ar
P i
Circular Annular Circular Dual tubes
upflow outer inner outer upflow
tube upflow downflow inner static
tube tube

A vortex as a dual annular tube
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P=95 kPa
v=b m/s

v=100 m/s ’P

P=100 kPa
v=b m/s

Orifice

L. Michaud

Recovery

P=99.5 kPa
v=b m/s

P=95 kPa
v=100 m/s

P=100 kPa
v=b m/s

/

Venturi

M

\.

P= 99.9 kPa
v=b m/s

v=100 m/s o

v=2 m/s / \
0O

P=100 kPa

Annular Tube
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Internally Generated Entropy

s, =0.09 WK m?

A Q,=-150 W/m®
T, =250 K
2

Seo= -0.60 W/K/m

Atmospheric
Air Column

L. Michaud

W, =25 W/m?2
Heat out
I 1.5C/d
A

Q; =150 W/m?

Ty =295K

Se; = 0.51 WK m?
Heat in

Work Production and Dissipation
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Three types of continuous lifting processes

1 5 2

USUAL

Izenthalpic Lifting
h3=h2 -gz
53 = =1

Irrezpective of where
diz=zipation ocours,
Irrespective of whether
of whether dizzsipation
iz dueto resiztance to
flowve ar unrestrained
expansion.

L. Michaud

work

APPROCHABLE

Isentropic Lifting
£} =852=51
w=h1-h2

Feguirezan

izentropic expander.

Fequireza shatt to
get the work out of
the system .

Work Production and Dissipation

2
1—%*

IMPOSSIBLE

I=entropic Lifting
sl=82=-#¢1

w=10

lzentropic expanzion
wathout device for taking
work out ofthe svydem is
imposzible except in
one caze [(wel),

It iz the hasis of most
atmozphenic model s,
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Water Analogy

-Dissipation of energy in the atmosphere is analogous to
dissipation of the potential energy of water.

*The potential energy of water on a high plateau gets dissipated
irrespective of whether the water returns to the sea in a long
meander or in a short single drop.

The only way that the potential can be captured is to provide a
dam and a turbine to make the descent take place at mechanical
equilibrium.

‘Without the turbine, the static energy of the water is constant
and the enthalpy and the entropy of the water increases.

‘With the turbine, the enthalpy and the entropy of the water are
constant, the static and potential energy of the water decrease .

(assumes an adiabatic process and an ideal liquid with no vapor pressure)
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Rock Analogy

A rock at the top of a high mountain has potential energy.
*Tossing the rock off the mountain is not sufficient fo capture
this potential energy.

-Capturing the potential energy requires that there be a
“mean” for carrying out the descent at mechanical equilibrium.
*Without the "mean” there is ho mechanical equilibrium which
leads to agitation and eventually frictional dissipation.
‘Without a "mean” to at least approach mechanical equilibrium,
potential energy reverts to heat somehow or other.

‘Without a "mean” the potential energy of a rock dropped in
the sea is lost.

‘Without a "mean” the potential energy of a buoyant air mass
or of an air having the potential of becoming buoyant is lost.
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Intelligible Simplification

*The rise of a helium filled balloon demonstrates that the
balloon had potential energy.
*Releasing the balloon is not sufficient to capture this
potential energy.
-Capturing the energy requires a mechanism such as:
-attaching a weight to the balloon,
-or having the helium rise in a continuous conduit with
an expander at its base.

*Solar heating or humidification produces buoyant air or
air that has the potential of becoming buoyant.
With natural convection, the potential energy is lost.
-Capturing the potential energy requires a mechanism for
carrying out the process at mechanical equilibrium,

i.e.: a conduit with an expander.
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Giant with a Straw simplification

Suppose that there is a giant with a 15 km straw and that the giant puts the lower
end of the straw close to the earth's surface.

The giant sucks on the straw and fills with warm humid air from the boundary
layer, the air in the straw becomes warmer than the ambient air.

When the giant takes his mouth off the end of the straw the upward flow
continues. It is like starting a siphon.

The upward flow can be stopped by either lifting the bottom of the straw out of
the boundary layer or by making holes in the straw above the boundary layer.

Rather than trying to calculate the upward velocity, close the bottom of the straw
and calculate the differential pressure at the bottom of the straw. Provide a small
opening at the bottom of the straw with an isentropic expander, keeping the
velocity in the straw low so that friction and exit losses remain negligible.

This ideal process makes the energy produced per unit mass of air raised easy to
calculate.
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Review

There is a potential to do work when heat is carried up
by convection in the atmosphere.

The extent to which this potential is realized is
proportional o the extent that the expansion is
constrained, to the expansion taking place at mechanical
equilibrium.

There is potential o produce 25 MW/km?. The work
produced as a result of heat received over a long period
can be produced in a short time.

The work resulting from heat received over a large area

over a long period of time can be produced in a much
shorter period of time.
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