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Background
Reason For Proposing Changes
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Development and Principle of Operation

King et al. 1978

Hot wire maintained at
constant resistance
(temperature)

Liquid water strikes wire:
Extra heat required

Basic Equation:

Estimate heat dissipated
in dry air

Remainder is heat
required for vaporization

P = π lλ (TW −T )Nu
+ldV χ[Lv + cw (Tw −T )]
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Current Processing

Processing Steps

1 Find mean T

2 Find the thermal
conductivity, viscosity, and
dry-air density:

3 Calculate the Reynolds
number:

4 Find the Prandtl Number

5 Find the dry-air term:

6 Find LWC from residual

7 Correct for baseline o�set

Associated Equations

Calculate mean temperature
between wire and air temper-
ature, for use in determining
heat-transport properties:

Tm = (TW +T )/2

Al Cooper King Probe LWC [PLWCC]
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1 Find mean T

2 Find the thermal
conductivity, viscosity, and
dry-air density:

3 Calculate the Reynolds
number:

4 Find the Prandtl Number

5 Find the dry-air term:

6 Find LWC from residual

7 Correct for baseline o�set

Associated Equations

λ = 5.8×10−5 398

120+Tm

(
Tm

T0

)3/2

µ = 1.718×10−4 393

120+Tm

(
Tm

T0

)3/2

ρd =
p

2870.5Tm
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Current Processing

Processing Steps

1 Find mean T

2 Find the thermal
conductivity, viscosity, and
dry-air density:

3 Calculate the Reynolds
number:

4 Find the Prandtl Number

5 Find the dry-air term:

6 Find LWC from residual

7 Correct for baseline o�set

Associated Equations

Re =
ρVd

µ

where ρ is the air density, V the
true airspeed, d the diameter of
the sensing wire, and µ the vis-
cosity of air

Al Cooper King Probe LWC [PLWCC]



Background
Reason For Proposing Changes

Analysis
Recommendations

Current Processing

Processing Steps

1 Find mean T

2 Find the thermal
conductivity, viscosity, and
dry-air density:

3 Calculate the Reynolds
number:

4 Find the Prandtl Number

5 Find the dry-air term:

6 Find LWC from residual

7 Correct for baseline o�set

Associated Equations

Pr = cpµ/λ

' 0.735
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1 Find mean T

2 Find the thermal
conductivity, viscosity, and
dry-air density:

3 Calculate the Reynolds
number:

4 Find the Prandtl Number

5 Find the dry-air term:

6 Find LWC from residual

7 Correct for baseline o�set

Associated Equations

Pdry = 0.26Re0.6Pr0.37
(

Pr
Prw

)0.25

×π lλ (Tw −T )/0.239

Nu = 0.26Re0.6Pr0.37
(

Pr
Prw

)0.25
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dry-air density:

3 Calculate the Reynolds
number:

4 Find the Prandtl Number

5 Find the dry-air term:

6 Find LWC from residual

7 Correct for baseline o�set

Associated Equations

χ =
106×0.239(P−Pdry )

l d V [597.3+373.16−T ]
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2 Find the thermal
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number:
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5 Find the dry-air term:
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Critique of Current Processing

Processing Steps

1 Find mean T

2 Find the thermal
conductivity, viscosity, and
dry-air density:

3 Calculate the Reynolds
number:

4 Find the Prandtl Number

5 Find the dry-air term:

6 Find LWC from residual

7 Correct for baseline o�set

Associated Equations

Tm = (TW +T )/2

√
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Critique of Current Processing

Processing Steps

1 Find mean T

2 Find the thermal
conductivity, viscosity, and
dry-air density:

3 Calculate the Reynolds
number:

4 Find the Prandtl Number

5 Find the dry-air term:

6 Find LWC from residual

7 Correct for baseline o�set

Associated Equations

λ = 5.8×10−5 398

120+Tm

(
Tm

T0

)3/2

cf., Pruppacher and Klett:

λ = 0.0238+0.000071(T −T0)

0◦C: 5.87 vs 5.69; 20◦C: 6.21 vs
6.03; -30◦C: 5.34 vs 5.18
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Critique of Current Processing

Processing Steps

1 Find mean T

2 Find the thermal
conductivity, viscosity, and
dry-air density:

3 Calculate the Reynolds
number:

4 Find the Prandtl Number

5 Find the dry-air term:

6 Find LWC from residual

7 Correct for baseline o�set

Associated Equations

Pr = cpµ/λ

' 0.735

Almost no variability in the
atmosphere; not worth

including in �ts and equations.
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Critique of Current Processing

Processing Steps

1 Find mean T

2 Find the thermal
conductivity, viscosity, and
dry-air density:

3 Calculate the Reynolds
number:

4 Find the Prandtl Number

5 Find the dry-air term:

6 Find LWC from residual

7 Correct for baseline o�set

Associated Equations

Pdry = π lλ (Tw −T )Nu

Nu = 0.26Re0.6Pr0.37
(

Pr
Prw

)0.25

Doesn't �t GV measurements
at all.
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Critique of Current Processing

Processing Steps

1 Find mean T

2 Find the thermal
conductivity, viscosity, and
dry-air density:

3 Calculate the Reynolds
number:

4 Find the Prandtl Number

5 Find the dry-air term:

6 Find LWC from residual

7 Correct for baseline o�set

Associated Equations

χ =
106×0.239(P−Pdry )

l d V [597.3+373.16−T ]

cf. King (1978):

χ =
(P−Pdry )

l d V [Lv + cw (Tw −T )]
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Critique of Current Processing

Processing Steps

1 Find mean T

2 Find the thermal
conductivity, viscosity, and
dry-air density:

3 Calculate the Reynolds
number:

4 Find the Prandtl Number

5 Find the dry-air term:

6 Find LWC from residual

7 Correct for baseline o�set

Associated Equations

χ =
106×0.239(P−Pdry )

l d V [597.3+373.16−T ]

Matches King equation
only for Tw = 100.01◦C
(and cw = 1cal/g)

Neglects T dep. of Lv (T).
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Critique of Current Processing

Processing Steps

1 Find mean T

2 Find the thermal
conductivity, viscosity, and
dry-air density:

3 Calculate the Reynolds
number:

4 Find the Prandtl Number

5 Find the dry-air term:

6 Find LWC from residual

7 Correct for baseline o�set

Associated Equations

χ =
106×0.239(P−Pdry )

l d V [597.3+373.16−T ]
−χ0

OK, but would be better
to correct Nu relationship
and hence Pdry directly.
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Nusselt Number Relationship
Vaporization Temperature
Baseline Removal
Results

Equation for the Nusselt Number

Representation in terms of Re

Re =
ρdVd

µ(Tm)
=

pVd

RdTmµ(Tm)

Nu = ANRe
α or log(Nu) = log(AN)+α log(Re)

Expect straight-line �t to the last relationship in log-log plot of
Nu vs Re.

Slope and intercept of that straight-line determine the �t
parameters AN and α .
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Nusselt Number Relationship
Vaporization Temperature
Baseline Removal
Results

Some Research-Project Problems
[These are not addressed in this study.]

1 Air�ow e�ects around the wings and pylons cause airspeed at
the probe to di�er from that of the aircraft.

Even if the Nu-Re �t e�ectively compensates for this, V enters
LWC calc also
Flow e�ects may vary with angle-of-attack or sideslip angle.

2 For the GV especially, dynamic heating increases the
temperature of the air in thermal contact with the sensor,
a�ecting the heat transfer from the wire.

3 Flow distortion around the wings and probes may cause
size-dependent sorting of droplets with associated
size-dependent increases or decreases in concentration.

4 Flow at an angle to the sensor will reduce the heat loss
(approximately as the cosine of the �ow angle relative to the
axis of the sensing wire).

Al Cooper King Probe LWC [PLWCC]
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GV Data (PREDICT)

Examples

1 Data for a full �ight
(excluding low TAS)

2 Data excluding end of
�ight with �aps/gear

3 Fit to data (requiring two
lines)

4 Comparison to current
parameterization
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What is the Vaporization Temperature?

Temperature to use for Tw

King et al. (1978)
recommended
Tshed < Tw < TBP

Wire temperature now
130�165◦C

TBP : Reason for 100◦C in
equations

However, the boiling point
decreases with pressure:

Al Cooper King Probe LWC [PLWCC]
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Baseline Removal

Current Technique

1 When out-of-cloud:

calculate running-
average LWC (30 s)
each sample: require
2-s average to be <
threshold
running average: not
necessarily a
contiguous sample

2 For all values:

remove latest
running-average value

Proposed technique

1 When out-of-cloud:

Update An in �t Nu=AnRe
α

2 For all values:

Use last-updated AN

Advantage (small)

If T and TAS vary in cloud:

Updated Nu represents these
variations via Re

Updated zero does not

Al Cooper King Probe LWC [PLWCC]
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GV Results

PREDICT

1 PREDICT: hard to �nd
real LWC regions

2 still can do calculations
where CONCD>0.1

3 Result: Some
compensating changes:

most important: Lv (T )
higher, cwTBP lower
net change in example:
about 4% increase,
<0.002 RMS
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C130 Results

VOCALS

1 Determine Nu-Re
relationship according to
new scheme

new �t (red) is close to
old curve (blue)

2 Result: changes are larger:

increase of about 9%,
mostly from Lv change
some scatter arises
from zero correction:
<0.01 gm−3.
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Recommendations

1 Revise the formula used for the thermal conductivity of air,
and include a reference.

2 Change the formula used to represent the Nu-Re relationship,
eliminating dependence on Pr.

3 Include dependence of the boiling point on pressure.

4 Use a temperature-dependent latent heat of vaporization.

5 Use revised �ts to clear-air data, esp. important for the GV.

6 The wire length and dependence on CONCF/PLWCG should
be in the output �le.

7 Change to MKS units for consistency.

8 Change the baseline correction to update the dry-air term.

Al Cooper King Probe LWC [PLWCC]
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3 Include dependence of the boiling point on pressure.

4 Use a temperature-dependent latent heat of vaporization.

5 Use revised �ts to clear-air data, esp. important for the GV.

6 The wire length and dependence on CONCF/PLWCG should
be in the output �le.
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8 Change the baseline correction to update the dry-air term.
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