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PREFACE

Accurate and reliable low humidity measurements are needed for airborne measure-
ments. The aircraft mounted hygrometer is a very powerful tool for investigating a variety
of atmospheric phenomena, especially those which are highly localized or transient in na-
ture.

The development of this measurement capability is to eliminate an existing gap in
low humidity measurements from an airborne platform by providing fast and accurate
frost-point measurements in the -20 to -80°C temperature range. This technical note
is a comprehensive report on the performance of this frost-point hygrometer. It should
be of interest not only to potential users of this instrument but also to our technical
staff as a reference manual for installation, operation, calibration, maintenance and for
troubleshooting. The note also documents the evidence on which the Research Aviation
Facility at NCAR has decided to consider this device as an operational instrument and to
make it available as part of the instrumentation package on the NCAR Sabreliner.

Paul Spyers-Duran
April 1990
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AIRBORNE CRYOGENIC FROST-POINT HYGROMETER

USER'S GUIDE

1. Principles of operation

1.1 Introduction

In response to the need for measurements of low humidities in the middle to high
troposphere and in the lower stratosphere, the Research Aviation Facility (RAF) has de-
veloped an airborne cryogenic frost-point hygrometer. Prior to the development of this
new hygrometer, aircraft measurements relied on devices that could not respond rapidly or
maintain the large dew-point depressions required to measure low humidities accurately.

Measurements of low humidities are needed to study the exchange of air between the
troposphere and stratosphere and to study the chemical composition of both regions near
the tropopause. Because these processes are highly localized and transient in nature, only
an aircraft-based instrument can provide the needed measurement capabilities.

The principle of operation of this hygrometer is based on the fact that equilibrium
exists between the water vapor pressure over a water or ice surface at the dew- or frost-
point temperature. Mass transport will be away from the surface above the equilibrium
temperature, and mass transport will be to that surface if the equilibrium temperature is
lower. By monitoring mass condensate, a feedback system can be used to control a surface
at the equilibrium temperature.

In this hygrometer a mirror disk (rhodium plated copper) is maintained at a tem-
perature (dew- or frost-point temperature) where the mass condensate is stabilized. The
instrument is designed to operate in the higher region of the troposphere and in the lower
stratosphere. In this region the mirror condensate is always in the ice phase; therefore, in
the following discussions the measured equilibrium temperature will be referred to as the
frost-point temperature.

An example of actual data obtained from the hygrometer in the mid to upper tro-
posphere is presented in Fig. 1. This vertical profile of dew-point covers a 5-km-altitude
interval and clearly shows the fine structure and very low values of humidity that can be
measured using this instrument.

1.2 Basic description of measurement physics

The development of the airborne cryogenic frost-point hygrometer by the RAF was
based on previous work by H.J. Masterbrook (1961, 1966, 1968, 1974, 1980, 1983) at NRL.
His work was adapted by the NOAA Geophysical Monitoring for Climatic Change (GMCC)
program for balloon-borne stratospheric water vapor measurements. (See Oltmans, 1985.)
RAF modification and redesign of the instrument for use on the Sabreliner has resulted
in new airborne, humidity measurement capabilities in the upper troposphere and lower
stratosphere.

The new instrument is a chilled-mirror, condensation-type hygrometer that uses op-
tical detectors for condensate sensing. As is the case in conventional cooled dew-point
devices, the mirror, optics and electrical circuit make up a thermo-optical servo system

1
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FIG. 1. A vertical profile of dew-point temperatures in the mid to upper tropo-
sphere.

TABLE 1. Specifications

Frost-point range: from ~ -10 to -100°C
Depression capability: - 106°C
Thermistor calibration accuracy: 0.17°C
Frost-point measurement uncertainty: 0.43°C
Coolant load (LN 2 ): 2 1
Operation time (for 2 1 LN2 load): 3.5 h
Altitude range with Sabreliner: 13 km (180 mb)
Slew rate for heating: 14°C s- 1

Slew rate for cooling: - 7°C s - 1

Response time: 2 s
Sample air transit time (from inlet to sensing): 0.1 s
Material (from inlet to sensing): stainless steel
Weight: instrument, 14 kg; pump, 7.7 kg

2
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which maintains a condensate equilibrium at the frost-point temperature. The unique fea-
ture of the cryogenic hygrometer is the use of a liquid nitrogen coolant as a heatsink. The
mirror temperature can then be changed rapidly using electrical heating. It is this feature
that allows the instrument to respond rapidly and maintain the required large dew-point
depression.

1.3 Technical details of operation

The hygrometer is capable of measuring frost-point temperatures which are encoun-
tered in the mid to upper troposphere and in the lower stratosphere. The instrument is
installed and flown on the NCAR Sabreliner, which has a maximum altitude capability of
about 13 km (msl) or the 180 mb pressure level. The instrument is capable of measuring
down to frost-point temperatures of about -1000C, which is less than the aircraft could
encounter at its maximum altitude. Table 1 shows the specifications of the frost-point
hygrometer.

A block diagram in Fig. 2 shows the principal components of this instrument. It
consists of: a 2 1 capacity Dewar to store liquid nitrogen, which acts as a heatsink through
a thermowell for the mirror assembly; an electro-optical sensing system for the mirror
condensate (1); the temperature (2) and pressure (3) transducers that monitor the air;
frost-point temperature sensing (4); a flow meter (5); a metal bellows pump (6); and inlet
and exhaust ports. Parameters 2, 3 and 4 are recorded on the data system. Figures 3a,
3b and 3c are photographs of the instrument package.

The ambient air is continuously sampled from an aft facing inlet. This orientation is
selected to minimize ingestion of hydrometeors into the system. The inlet is located 20 cm
above the skin of the aircraft to assure that ambient air is sampled. The air is moved
through the hygrometer and exhausted to the outside with the help of a metal bellows
pump. This is a closed system, which is needed to prevent cabin air from contaminating
the measurements. The inlet and the connecting tubing to the sensing location are all
stainless steel material. This material was chosen to minimize the problem of de-gassing
during low humidity sampling. The distance from the inlet to sample sensing is 95 cm
in length; thus, the air takes about 0.1 s to reach the sensing cavity. Once the aircraft is
above 725 mb (2.7 km) altitude, an electric circuit activates the pump. This feature was
incorporated to minimize contamination of the system from air around airports, but the
pump can be manually activated if so desired.

The mirror is held in a housing assembly as shown in Fig. 4. It contains the mirror
disk (2) in which a small thermistor is installed (1) to measure the frost-point temperature.
The mirror stem (6) is inserted into the thermowell which is located in the Dewar. This
provides the cooling to the mirror disk. Heating is provided by an electrical resistive heater
coil around the stem, close to the mirror. An epoxy potting compound (3) and a silicon
rubber compound (4) hold the mirror in the center of the stainless steel housing. An O-ring
(7) is used in this assembly to prevent cabin air from entering the sensing chamber.*

The mirror disk has a uniform temperature field across its surface with a temper-
ature variation of less than 0.1°C. (See Oltmans, 1985.) The mirror disk is maintained

*The mirror disk, the optical block unit and a heater control circuit are available from
General Eastern Instrument Corporation.
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FIG. 2. Block diagram of cryogenic frost point hygrometer.
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FIG. 3a. Cryogenic frost-point hygrometer.
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FIG. 3b. Inside view of the hygrometer; the front panel opens for servicing.



FIG. 3c. Top inside view of the hygrometer. Shown are the various components.
(1) Dewar, (2) power supply, (3) temperature signal conditioner, (4) cir-
cuit board, (5) humidity sensing chamber, (6) pressure transducer.
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FIG. 4. Mirror housing assembly: (1) thermistor, (2) mirror disk, (3) epoxy pot-
ting compound, (4) silicon rubber (RTV-511), (5) heater and thermistor
wires, (6) mirror stem, (7) O-ring.
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continuously and automatically at the frost-point temperature with the help of an electro-
optical system. This system measures the quantity of light specularly reflected from the
mirror condensate and maintains a constant reflectance at the mirror surface, thus provid-
ing the condensate equilibrium for the frost-point temperature. A block diagram of the
thermo-optical system is shown in Fig. 5.

FIG. 5. Block diagram of the thermo-optical system.

The optical block consists of a phototransistor pair and two light emitting diodes
(LEDs). The phototransistor pair provides a reference in the biasing circuit that determines
the amount of condensate on the mirror; the other pair provides a current output (specular
current) that is proportional to the light reflected from the mirror. The two currents are
nearly identical; the bias circuit is set so that about 90% of the light emitted by the
specular source is received at the detector. The electrical schematic is shown in Fig. 6.
It includes the heater control circuit, the optical components, power transistor, a manual
mirror cleaning circuit, and the thermistor temperature circuit. The connecting points
with the pin assignments on the PC board are listed in section 4.5.

The sensitivity of the hygrometer is determined by the amount of change in heater
current for an incremental change in the frost coverage of the mirror. The equation for the
sensitivity (S) is

maxRS=ImaR (1)

where S is the change in heater current (amperes) for a 1% change in mirror coverage
(1% of the max specular current), I is the maximum specular current (mA), R is the gain
resistance (ohms) and constant C has a value of 165,000.

8
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The sensitivity which we selected for airborne applications in the 3 to 13 km altitude
range is 1.5. For stratospheric (balloon borne) applications an approximate recommended
value for S is 2.0. (See Mastenbrook, 1981.)

1.4 Analysis and interpretation

The output of this instrument is a voltage (VCRH) which is proportional to the frost-
point temperature (°C). During airborne operations, the pressure and temperature are
different from ambient values due to the required flow through the sensing chamber. Both
the pressure (CRHP) and temperature (CRHT) are measured within the instrument. The
humidity values are corrected for the measured pressure values. For further discussion of
the algorithms used for the conversion see section 3.3.

The frost-point temperature can vary a great deal depending upon the atmospheric
conditions and seasonal variations. Its value in general will decrease with increasing al-
titude throughout the troposphere and can reach values of -80°C or lower in the lower
stratosphere. From the measured frost-point temperature the water vapor mixing ratio
can be determined. This water vapor mixing ratio will decrease gradually throughout
the troposphere and will decline rapidly above the tropopause. In the lower stratosphere
values may drop to less than 10 ppmv. These extremely low values can be encountered
during tropopause fold events, when stratospheric air <5 ppmv is moved into the upper
troposphere.

1.5 References

Mastenbrook, H.J., and Dinger, J.E., 1961: Distribution of water vapor in the stratosphere.
J. Geophys. Res., 66, 1437-1444.

-, 1966: A control system for ascent-descent balloon soundings of the atmosphere. J.
Appl. Met., 5, 737-740.

-, 1968: Water vapor distribution in the stratosphere and high troposphere. J. Atmos.
Sci., 25, 299-311.

-, 1974: Water vapor distribution in the lower stratosphere. Can. J. Chem., 52, 1527-
1531.

-, and R.E. Daniels, 1980: Measurements of stratospheric water vapor using a frost-point
hygrometer. Atmospheric Water Vapor, Academic Press, 329-342.

, and S.J. Oltmans, 1983: Stratospheric water vapor variability for Washington,
DC/Boulder, CO: 1964-82. J. Atmos. Sci., 9, 2157-2165.

Oltmans, S.J., 1985: Measurements of water vapor in the stratosphere with a frost-point
hygrometer. ISA, Proceedings, International Symp. on Moisture and Humidity, Wash-
ington, D.C., April 15-18, 1985. 251.
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2. Measurement limitations

2.1 Factors limiting accuracy

The first step in assessing the accuracy of the hygrometer is to characterize the pa-
rameters of this instrument in the laboratory under controlled conditions. Under field
operations additional errors resulting from unknown or not-well-understood sources can
affect the measurements. Any deviation of the mirror temperature from the frost-point
temperature will affect the water vapor calculations.

Careful laboratory calibration of the mirror thermistor is required to determine the
thermistor's response with temperature changes. The thermistor's response through
change in resistance over the operating range or erf this instrument is non-linear; therefore, a
non-precise curve fit to the mirror temperature data will introduce measurement errors.

During field operations the pressure in the instrument needs to be measured and a
correction to the differences from ambient values needs to be applied. Another possible
source of error that can affect the measurement accuracy is cabin air leaking into the
hygrometer. At higher altitudes, an 8.8 psi pressure differential exists between the aircraft
cabin and the inside of the hygrometer sensing cavity. Therefore, it is important that the
instrument be leak tested prior to each flight, especially if components of the instrument
have been exchanged or serviced.

Another factor that can affect the measurements is moisture evaporation from the
outside surface of the aircraft. To minimize this effect, the air intake is located well above
aircraft boundary layer.

2.2 Tabulation of measurement uncertainties

The following estimated error sources contribute to uncertainty in the measurements
from the cryogenic frost-point hygrometer. In this analysis, S is the standard deviation
representing precision, B is the estimate of bias, N is the number of degrees of freedom.
For further reading, see Abernethy et al., 1980.

Calibration (all units: °C)
Calibration of mirror thermistor at NCAR:

1. Calibrator block uniformity
2. Self-heating of the sensor
3. Stability and repeatability of laboratory standard*
4. Accuracy of bridge
5. Lead resistance

Calibration of laboratory standard:
6. Repeatability of standard
7. Stability of the standard from calibration to use
8. Self-heating (calibrated out)

Calibration of factory (primary-transfer) standard:
9. Reported resolution

10. Calibration assumed to introduce negligible error
Calibration of resistance measurement on aircraft:

11. Resistance box accuracy

2S

0.06
0.03
0.05
0.01

0.01
0.01

B

0.04
0.02
0.05
0.01
0.01

0.01

-0.001

0.03 0.05

11

N

>30
>30
>30
>30

>30
>30

>30

>30



12. Lead resistance differences
13. Data system characteristics 0.01 0.01 >30
14. Environmental effects (temperature, etc.) - -
15. Quadratic representation

Root-sum-square for calibration only 0.091 0.086 >30
URSS = /0.0912 + 0.0862 = 0.13°C, calibration

Data Acquisition 2S B N
Sensor characteristics

17. Self-heating - - >30
18. Long-term stability 0.10 0.10 >30
19. Effects of conduction from housing 0.05 0.05 >30
20. Stresses on sensor 0.10 0.10 >30

Data system characteristics
21. Random error and drift 0.05 0.05
22. Random error and drift (CRHT) --
23. Random error and drift (CRHP) 0.06 0.06 >30
24. ADS system 0.01 0.005 >30

Root-sum-square for data acquisition only: 0.169 0.169 >30
URSS = 0.24°C, data acquisition

Data Analysis 2S B N
25. Round-off, machine precision
26. Cubic curve fit (mirror temperature) 0.20 0.25 >30
27. Quadratic curve fit (pressure, 0.5 mb error) 0.08 0.08 >30
28. Quadratic curve fit (air temperature)

Root-sum-square for analysis only: 0.215 0.262
URSS = 0.33°, data analysis

Summary

Calibration 0.091 0.086 >30
Data acquisition 0.169 0.169 >30
Data analysis 0.215 0.262 >30

29. Random Error Limit: 0.288
30. Bias Limit: 0.323

URSS for frost-point temperature: 0.43°C

*Laboratory standard defined as an instrument which is calibrated periodically against a
traceable primary standard.

2.3 References

Abernethy, R.B., and J.W. Thompson, Jr., 1980: Measurement Uncertainty Handbook.
Instrument Society of America, Research Triangle Park, NC 27709, 1-172.
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3. Data acquisition and processing

3.1 Frequency response of instrument and recommended filtering

The frequency response of the hygrometer is affected by several factors. These include
the sample air transit time. The time required for the air to reach the sensing mirror from
the inlet port is about 0.1 s. Controlling the mirror temperature around the frost point is
influenced by the available slew rates for heating (14°C s - ') and for cooling (7°C s - l) of
this instrument.

The observed response of this instrument is about 0.48 Hz at a -64 0 C frost-point
temperature. This was determined experimentally while flying in and out of another
aircraft contrail. The hygrometer's response was compared to a fast-response lyman-
alpha hygrometer. The lyman-alpha instrument (Model LA-3) is described in detail by
Buck (1977, 1983). The frequency response of the lyman-alpha instrument extends to
approximately 150 Hz at the 3 dB amplitude point as was measured by Priestley and
Cartwright (1982).

All three outputs from VCRH, CRHT and CRHP are filtered at a 1 Hz rate. This
is sufficient to minimize aliasing of the data from higher frequencies.

3.2 Data format, sampling rate and conditioning

This instrument provides analog voltages that are proportional to the measured val-
ues. The mirror temperature (VCRH) provides a voltage output between 0 to -5 V dc.
A gain of 2 is applied in the data system before these data are recorded. After the appro-
priate calibration coefficients are applied to the voltages, the available mirror temperature
resolution is 0.01°C. Voltages from the air inlet temperatures (CRHT) have a range of
±2.5 V dc, providing a temperature resolution of 0.02°C.

The sample air pressure (CRHP) transducer has a voltage range of 0 to -10 V dc,
providing 0.12 mb resolution for the pressure correction. All three of these outputs are
sampled at a rate of 5 sps with 1 Hz filtering.

3.3 Algorithms for conversion of data bits to scientific values

During preproject and postproject activities, calibrations and system checks are per-
formed to establish a traceable record of the conversion from voltages to engineering units.
For further discussion see section 4.3, Calibration.

To calculate the frost-point temperature (FPCR), a cubic approximation is used to
convert the output voltage (VCRH) to a frost-point temperature using the formula

FPCR(°C) = C1 + C 2(VCRH) + C 3 (VCRH)2 + C(VCRH)3 (2)

where C 1, C 2, C 3 and C 4 are calibration constants. This measured temperature inside
the hygrometer is the frost point of the air in the instrument and not the frost point of
the ambient air. By using the Goff-Gratch (1946) equation for saturation, the saturation
vapor pressure (with respect to a plane ice surface) can be calculated by the following
expression:

ECR = 10 exp [356654(log(FPCR + 273.16)) - 0.0032098(FPCR + 273.16)

- 2484.956/(FPCR + 273.16) + 2.0702294]

13



To calculate the vapor pressure for ambient conditions, the pressure measurements
(CRHP) inside the cavity are used for the corrections. The ambient saturation pressure
with respect to a plane ice surface is obtained with equation (4)

ESCR = (ECR * (PSXC/CRHP))fi (4)

where PSXC is the ambient pressure and CRHP is the instrument cavity pressure. Since
this formulation is for pure water and not for moist air, an enhancement factor (fi) is also
incorporated in this calculation (Buck, 1981). The expression for fi is:

fi = 1.0003 + (4.18 x 10-PSXC) (5)

By using two functional relationships of the Goff-Gratch formulations, the ambient
saturation vapor pressure can be characterized by either the ambient dew-point or frost-
point temperature.

These are presented in equations (6) and (7). Equation (6), the saturation vapor
pressure with respect to ice, is the same as equation (3) except here the ambient saturation
vapor pressure is used to find the ambient frost-point temperature, FPCRC.

ESCRI = 10 exp [3.56654(log(FPCRC + 273.15)) - 0.0032098(FPCRC + 273.15)
(6)

- 2484.956/(FPCRC + 273.15) + 2.0702294]

Equation (7), the saturation vapor pressure with respect to water, is used to find the
ambient dew-point temperature, DPCRC.

ESCRw = 10 exp [23.832241 - 5.02808(log(DPCRC + 273.15))

- 1.3816 x 10-7, x (10exp(11.334 - 0.0303998(DPCRC + 273.15)))
(7)

+ 8.1328 x 10- 3 x (10exp(3.49149 - 1302.8844/(DPCRC + 273.15)))

- 2949.076/(DPCRC + 273.15)]

A graphical visualization is presented in Fig. 7 of the ambient dew/frost-point temperature
calculations.

It can be seen that these two equations cannot be solved directly for either frost-point
or dew-point temperature. An iterative numerical technique is needed to obtain either the
frost point, FPCRC, or dew point, DPCRC.

In the iterative technique, a function is defined for which the solution or root will be
the desired frost-point or dew-point temperature. The function in this case follows

ESCR- fI(T) =0 ESCR- f(PCRC) 0 (8)ESCR - f(DPCRC) = 0

where ESCR is the ambient saturation vapor pressure and f(T) is the Goff-Gratch for-
mulation for saturation vapor pressure, either with respect to ice or with respect to water.

14
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The solution or root of the function is either dew-point or frost-point temperature. New-
ton's method is used to iteratively solve for the root of the equation (see Hornbeck, R.W.,
1975: Numerical Methods, pp. 66-68). The method to calculate the ambient frost- or
dew-point temperature is shown in section 3.4.

Other derived parameters such as absolute humidity (RHOCR), mixing ratio
(CMRCR), mass mixing ratio (PPMMCR) and volumetric mixing ratio (PPMVCR)
are also available from this program.
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3.4 Computer code for frost- and dew-point calculations

SUBROUTINE SCRYOC
C
C CALCULATE CRYOGENIC MIRROR TEMPERATURE
C AL COOPER MEMO 23MAY1989
C MODIFIED: P. S-D 16FEB1990
C....... APPLY NEW CUBIC EQUATION TO VOLTAGE IN INITIAL CALIBRATION USING
C EQUATION: FPCR=C1+VCRH* (C2+VCRH* (C3+VCRH*C4))
C
C...... AVOID BAD VALUES BEFORE CALCULATIONS

IF(FPCR.GT.-15.) FPCR=-15.
C
C....... NOW GET VAPOR PRESSURE AND DEW POINT FROM FROST POINT

E=VAPI (FPCR)
C....... CORRECT FOR PRESSURE AND TEMPERATURE IN CRYO

IF(CRHP.LE.50.) CRHP=50.
E=E P SXC/CRHP

C ...... ENHANCEMENT FACTOR WRT A PLANE ICE SURFACE
FI = 1.0003 + (4.18E-6*PSXC)
E = FI*E

C ...... CALCULATE MIXING RATIO(G/KG)
CMRCR=622 . * (E/ (PSXC-E) )

C....... CALCULATE MASS MIXING RATIO(G/MILLION GRAMS OF DRY AIR)
PPMMCR=CMRCR *1000.

C....... CALCULATE VOLUMETRIC MIXING RATIO (PPM)
PPMVCR=10 . **6.* (E/ (PSXC-E) )
FPCRC=FPT (E)
DPCRC=DEWPT (E)

C....... ABSOLUTE HUMIDITY
RHOCR=E*100./ (461.51* (ATX+273.15))*1.E3

C
RETURN
END

C
FUNCTION ETOFP (TDW)
COMMON / SUBF /ES
ETOFP=ES-VAP I (TDW)
RETURN
END

16



SUBROUTINE NEWTN (FUNCXO, EPS,XC)
C.....SOLUTION OF EQUATION FUNC=0 BY NEWTON'S METHOD, NUMERICAL
C
C .... INPUT:
C FUNC = FUNCTION IN FORM F(X)=0. EITHER IMPLICIT IN
C CALLING
C PROGRAM OR DECLARED EXTERNAL.
C XO = STARTING GUESS AT ROOT. **BEWARE: DON'T USE
C ZERO**
C EPS = DESIRED TOLERANCE IN ANSWER.
C.....RESULT:
C XC = ROOT OF EQUATION.

LOOP=1
XB=XO*1 .01
XA=XO
DELTA=XB-XA
FA=FUNC (XA)

1 FB=FUNC(XB)
IF(FB.EQ.FA) THEN

XB=X0*1.02
DELTA=XB-XA
FB=FUNC(XB)

ENDIF
FPRIME= (FB-FA) /DELTA
XC=XB-FB/FPRIME
DELTA=XC-XB
XB=XC
XA=XB
FA=FB
IF(LOOP.GT.500) RETURN
LOOP=LOOP +1
IF (ABS(DELTA) .GT.EPS*0.1) GO TO 1
RETURN
END

C
FUNCTION VAPOR (TFP)

C INPUT IS IN DEGREES C.
C ROUTINE CODES GOFF-GRATCH FORMULA

T=273 . 16+TFP
C THIS IS WATER SATURATION VAPOR PRESSURE

E=-7.90298*(373 . 16/T-1. ) +5.02808*ALOG10(373 .16/T)
$ -1.3816E-7*(10.**(11.344*(1.-T/373.16))-1.)
$ +8.1328E-3* (10.**(3.49149*(1.-373.16/T))-1.)

VAPOR=1013. 246*10.**E
RETURN
END
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c
FUNCTION FPT(E)
COMMON/ SUBF /ES
EXTERNAL ETOFP
TOL=0.001
ES=E
TDEW=-20.
CALL NEWTN (ETOFP, TDEW, TOL, TDW)
FPT=TDW
RETURN
END

C
FUNCTION DEWPT(E)
COMMON / SUBF /ES
EXTERNAL ETODW
TOL=0.001
ES=E
TDEW=-20.
CALL NEWTN (ETODW, TDEW, TOL, TDW)
DEWPT=TDW
RETURN
END

C
FUNCTION ETODW(TDW)
COMMON/SUBF/ES
ETODW=E S-VAPOR (TDW)
RETURN
END

C
FUNCTION VAPI(TFP)

C INPUT IS IN DEGREES C, ASSUMED TO BE FROST POINT.
C ROUTINE CODES GOFF-GRATCH FORMULA

IF(TFP.LT.-200. .OR. TFP.GT.200.) THEN
VAPI=1.E-20
RETURN

ENDIF
T=2 73. 16+TFP

C THIS IS ICE SATURATION VAPOR PRESSURE
E=-9.09718* (273.16/T-1.) -3. 56654*ALOG10 (273.16/T)

$ +0.876793*(1.-T/273.16)
VAPI=6.1071*10. **E
RETURN
END
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4. Installation, operation, calibration, maintenance and troubleshooting

4.1 Installation and leak testing procedure

The cryogenic frost-point hygrometer consists of a stainless steel inlet and exhaust

ports, interconnected by tubing to the instrument package contained within a 19" rack-

mountable enclosure. Inside the enclosure is a 2 1 capacity stainless steel Dewar, the

electro-optical sensor, a pressure gauge, a flowmeter and the signal conditioning circuits.

The air sample is pulled through the interconnecting tubing into the sensing cavity by a

metal bellows pump that is located outside the enclosure and behind the instrument rack.

The pump is connected in the line between the instrument flow outlet port and the exhaust

port. In the Sabreliner, the whole installation is located on the starboard side at F.S. 270.

The instrument requires 28 V dc power and consumes a maximum of 150 watts.
The metal bellows pump requires 115 V ac, 60 Hz power and will use 2.1 amps during

operation. The hygrometer produces three separate signal outputs that are sent to the

data acquisition system. They are: mirror temperature (VCRH), sample air temperature

(CRHT) and sample air pressure (CRHP).

Leak testing procedure

The hygrometer has been designed to be operated inside a pressurized cabin of an

aircraft. At altitude, a differential pressure exists between the air sample inside the sam-

ple tubing and the cabin air pressure. Therefore, it is very important that a leak test be

performed on the instrument package and flow system after initial assembly, after instal-

lation of the hygrometer system in the aircraft, and after any maintenance activity that

involves disassembly of the instrument or interconnecting tubing. All connections between

the inlet and exhaust ports must be sealed. The introduction of cabin air into the inlet air

sample tubing will cause errors in the instrument output readings.

A simple leak test procedure that will produce satisfactory results, both on the work-

bench and inside the aircraft, consists of a high vacuum pump (Welch Duo-seal model

1402) and a thermocouple vacuum gauge connected to the flow system inlet ports with

the outlet ports closed or capped. (See Fig. 8a.) Evacuate the inlet flow tubing system

down to a minimum vacuum pressure. A reading of 50 microns Hg or less should be at-

tainable on the thermocouple vacuum gauge and indicates the system has been adequately

sealed. A way to evaluate the seal at each tubing connection, provided the vacuum reading

achieved on the thermocouple vacuum gauge is on scale, 300 microns or less, is to place

a few drops of alcohol on each connection and watch for a rapid increase in the vacuum

gauge pressure reading. If the reading increases, there is a leak that must be repaired.

Allow some time for the vacuum readings to recover after each upscale deflection caused

by a leaking connection before proceeding to the next connection.
If the vacuum pumping system is unable to evacuate the inlet plumbing to a level

that will produce an on-scale reading on the thermocouple vacuum gauge, disconnect the

vacuum pumping system from the air inlet port and connect a low pressure air supply

(Fig. 8b). Slowly pressurize the air inlet tubing being careful to limit the pressure applied

to no more than 100-200 mb above the local ambient air pressure. Dampen the inlet

tubing connections with a leak detection solution and watch for air bubbles forming at

each connection. The presence of any air bubbles indicates a leak at the connection.
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FIG. 8a. A schematic of the leak test procedure using vacuum equipment.
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FIG. 8b. A schematic of the leak detection method, which illustrates overpressur-
ing the hygrometer to perform the bubble test.
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Repair any connections found leaking and recheck with the leak test solution. When no
more bubbles can be found, disconnect the low pressure air supply and reconnect the
vacuum pumping system. Repeat the preceding vacuum leak testing procedure.

[CAUTION] Overpressure effect: Overpressure within limits will not damage the pres-
sure sensor. Slight calibration adjustments may be necessary after any
overpressure. Overpressure limit: 100% of span.

4.2 Cryogenic safety-general precautions

Because this instrument requires the use of a cryogenic fluid as a coolant, hazards
related to its use must be recognized. Liquid nitrogen is characterized by extreme low
temperatures, having a boiling point of -195.8 0C, with a large ratio of expansion in volume
from liquid to gas, approximately 696 to 1.

The prime concern is the hazard associated with a possible bodily contact during
handling of the cryogenic fluid. A very brief contact with fluids at cryogenic temperatures
(< 73.3 0 C) is capable of causing burns similar to thermal burns from high temperature
contacts. The eyes are especially vulnerable to this type of exposure. Servicing and
preparing this instrument requires the transfer of liquid nitrogen from a large storage
container (35 1 capacity Dewar). This is accomplished by the use of a Dewar-caddy (4 1
capacity), which is used to fill the Dewar in the instrument.

During this transfer process eye protection is necessary, and protective clothing and
gloves should be worn to protect the individual from accidental splashing. The various
Dewars used to store or transfer liquid nitrogen are vented to prevent pressure buildup.
Venting should be to a ventilated area to avoid displacing the air and thus causing asphyx-
iation.

4.3 Preflight checks and adjustments

The pre-flight checks and adjustments are performed at room/ambient temperatures
prior to the placement of liquid nitrogen into the reservoir.

Leak check

This test requires plugging the air inlet port with a special stopper. By using the sys-
tem's pump in a manual mode, the pressure (CRHP) is lowered to a minimum value. Once
the pressure is stabilized, the ball valve near the pump is closed. By monitoring the printed
values of CRHP (mb) from the data system, the leak rate can be determined. Larger than
0.5 mb min- 1 pressure changes will require further checking for leaks. Leaks can be found
by overpressuring the instrument by several hundred millibars and by examining the joints
and fittings with a soap solution.

Bias, specular current check

The purpose of this check is to determine the ratio of bias to specular current sensed
by the electro-optical system. This will also help to determine whether the mirror surface
needs cleaning. To proceed with this test, the instrument power must be on and the
front panel open. A schematic diagram in Fig. 9 shows the location of the switches for
the ammeter, the optics block and the mirror access port location. After activating the
ammeter switch (top) and by using the current selection switch (bottom), the current ratio
between specular current (Is) and the bias current (Ib) can be determined. The current

22



reading for IS should be between 11 and 15 mA. Should this reading be a lower value, a
mirror cleaning procedure will be required.

The bias current percentage to the specular current should be as follows:

[(Ib/I,)](100%)= 90 to 92% (9)

If the observed value is within this range, no additional adjustments will be necessary.
The values of these measurements are noted in the aircraft instrumentation log-book. At
this point the instrument is ready for flight operation. The power-down procedure is in
a reverse order. It is recommended that adding liquid nitrogen to the Dewar be delayed
until just before takeoff.

4.4 In flight operations

Prior to takeoff the Dewar needs to be filled with liquid nitrogen. The Dewar capacity
is 2 1, which is sufficient to maintain cooling for the hygrometer in excess of 3.5 hours.
After the liquid nitrogen is placed in the Dewar, the system needs to be powered up to
avoid excessive frost build-up on the mirror surface.

There is an automatic pump power-up feature on this device, which activates the
pump at 725 mb (9,000 ft) altitude. This feature is designed to reduce minor surface con-
tamination by avoiding sampling polluted air around airports. When needed, the pump
can be powered up manually by activating the pump switch on the front panel. Indicator
lights on the front panel show when the power, heater and pump are activated. During
routine data collection the instrument can be monitored through the data display system.
The heater LED light, through rapid flickering, indicates visually that the mirror temper-
ature is controlled. The pump operation can also be monitored by the front panel's flow
meter; it has a range between 0 and 25 lpm.

4.5 Maintenance and optical block adjustments

Mirror cleaning procedure

Cleaning of the mirror should be accomplished only when contamination of the mir-
rored surface is suspected-for example, after initial assembly of the optical sensing cavity,
or when the specular current reading (I,) is below the 11 to 18 mA operating range.

The cleaning procedure requires the mirror surface to be at room temperature with
no liquid nitrogen in the instrument Dewar. Power to the mirror heater must be switched
off during the cleaning procedure and specular current tests. The following steps should
be followed:

* Instrument power off.

* Open the sensing cavity by removing the four screws holding the cavity access port
cover. Note cover alignment markings and remove the cover. (See Fig. 9.)

CAUTION Note:
The mirrored surface is a soft rhodium plate finish that will scratch easily. Therefore,
it is very important that only soft flexible double-tipped cotton swabs be used to
clean the mirror. Apply very minimal pressure whenever the cleaning swab is in
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FIG. 9. Schematic diagram inside the front panel.



direct contact with the mirrored surface. Failure to follow this practice could result
in damage to the mirror.

* Dampen a soft cotton swab with distilled water. Very gently, wipe the swab over the
mirrored surface. Then, dry the surface by gently tapping a clean dry soft cotton swab
over the mirror to remove any remaining moisture or lint. Do not attempt to "polish"
the mirror by rubbing the dry swab over the mirror. A flashlight and an inspection
mirror will be helpful during the cleaning procedure.

* With the mirror heater power remaining off, turn instrument power on. Check the
value of the specular current (I,) on the instrument ammeter. The reading should be
within the 11 to 18 mA range. If not, try cleaning the mirror again making sure the
mirror is completely dry before doing the specular current test.

Note: reagent grade alcohol may be used in place of the distilled water to remove any
oil film contamination on the mirror surface. Reclean the mirror with distilled water
after cleaning with alcohol. If I, is now within the 11 to 18 mA range, replace the
sensing cavity access port cover. Observe the marking alignment and secure the cover
with the four screws. Torque screws in place using an "X" pattern. Recheck the leak
rate. If the specular current cannot be brought within range by cleaning the mirror,
go to the optical block set-up procedure.

Optical block set-up procedure

Alignment and adjustment of the electro-optical sensing system is normally accom-
plished as part of the initial assembly of the unit. It is also required whenever maintenance
includes the removal and replacement of the optical block or mirror assembly, and when
the specular current (Is) readings or specular bias current ratio (Ib/Ia) values are not
within the operating ranges specified.

This procedure is accomplished with the instrument power on. There must be no
liquid nitrogen in the instrument Dewar and the mirror must be clean. The instrument
and optical block assembly should be at room temperature. Mirror heater power must be
switched off and remain off during the entire procedure.

* Instrument power on.

* Mirror heater power switch off.

* Loosen the two screws holding the optics block to the cavity assembly (Fig. 9). These
screws should only be loosened enough to allow restricted movement of the optics
block on the mounting assembly.

* While monitoring the specular current readings on the instrument ammeter, slowly
slide the optics block assembly over the plane parallel to the mirror surface. Secure
the optics block at the position producing the highest output current readings. Limit
the maximum specular value to no more than 20 mA.

* Tighten the two optics block mounting screws while continuing to monitor that max-
imum specular current is maintained on the instrument ammeter.

* Record the final specular current reading as the new I, value.

* Check the bias current reading on the instrument ammeter. Adjustment of the bias
current will be required if the indicated value is not within 90-92% of the I1 current
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recorded above. Use the following formula to determine the value for the bias current
setting should adjustment be needed:

(IJ) (0.9) =Ib (10)

* To adjust the bias current, loosen the bias screw lock-nut (Fig. 9) and slowly rotate the
bias screw in a clockwise or counterclockwise direction until the bias current indicated
on the instrument ammeter reads the Ib value calculated.

* Tighten the bias screw lock-nut to secure the bias screw while continuing to monitor
the bias current readings on the instrument ammeter and assure the Ib value setting
is maintained. Record the final bias current reading.

* The bias current to specular current percentage is given above in equation (9).

* If the above procedures do not produce acceptable specular and bias current operation,
check the following:

Damage or contamination on the mirror surface.

Mirror alignment.

Component failure within the optical block assembly.

Power supply voltages.

4.6 Calibration

Three calibrations are necessary for this instrument. They are for the sample air tem-
perature (CRHT), the sample air pressure (CRHP) and the mirror temperature (VCRH).

The sample air temperature probe uses a ceramic platinum resistance element Model 1
Pt 50. This element is located inside the instrument chassis to measure the air temperature
prior to entering the sensing cavity. The resistance to voltage conversion is through a Rose-
mount Model 510BH transducer. During calibration the relationship between temperature
and sensor resistance is established.

On the instrument a decade box is used to substitute resistances in the temperature
range of -5°C to 30°C to determine the output voltages through the data system.

Similarly the sample air pressure is calibrated through the data system using a Ruska
Model DDR-6000 pressure standard. A Heise pressure transducer Model 623 is calibrated
between 1000 mb and 200 mb in 100 mb steps.

The mirror disk temperature is measured with a small (0.36 mm) bead thermistor.
The calibration is a two-step process. The first step is to determine in the laboratory the
thermistor's resistance versus temperature profile; the second step is to introduce these
known resistances through the instrument to determine the resulting output voltages on
the data system.

During the laboratory calibration the mirror assembly (which contains the thermistor)
is enclosed in a special copper calibrator block. This is typically done prior to the assembly
of the humidity sensing chamber. The humidity sensing chamber is modular; the mirror
housing attaches with four screws to the humidity chamber for easy removal for servicing
and calibrations. Figure 10 shows the details of this device. The idea is a simple one,
based on the fact that if the temperature changes are slow (< 4 x 10 - 4 °C s- 1 ), both the
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copper block and the mirror assembly will be at a temperature equilibrium. The method
for this calibration is to place the thermistor calibrator unit in a Dewar, cool the calibrator
to about -100°C and let it warm up slowly. The temperature of the copper calibration
block is monitored with a precision resistance thermometer, and the thermistor resistance
is simultaneously recorded. Its resistance will vary from 165 KQ at -80°C to 5.7 KQ at the
-20°C temperature range. A typical unattended calibration requires about 40 hours to
complete. The result obtained from this calibration was compared to expected thermistor
calibration values using the formula

1/T = a + b * ln(RT) + c * (ln(RT))2 (11)

where a, b and c are constants, RT is the thermistor resistance, and T is the thermistor
temperature in Kelvins. The observed deviations from this expected curve are small (less
than 0.1°C) indicating a high confidence level of this method.

Once the output voltage values are known from resistance values, a cubic equation
approximation can be used to determine the mirror's frost-point temperature using this
formula:

FPCR c + c2 *VCRH+ c3 * VCRH2 + c 4* VCRH3

where cl, C2, C3 and c4 are calibration constants and VCRH is the thermistor voltage.
This approximation has a typical RMS error of 0.2°C in the -80 to -25 temperature
range and an RMS error of 0.1°C in the -80 to -30 temperature range.

4.7 Assessment of operation

The proper operation of the hygrometer can be assessed by monitoring three output
variables. The voltage from the mirror temperature during normal operations should be
between -8.0 and -1.0 V dc (in the -80°C to -20°C range). A calculated frost-point
temperature (FPCRC) can be monitored on the data system; however, typical values are
hard to assign, because many different atmospheric conditions are encountered during the
flight profiles. Other derived humidity parameters such as absolute humidity (RHOCR-
gm-3) and mixing ratio (ppmrv) can also be monitored. On occasion oscillations of the
humidity data can be observed, when frost-point temperatures are warmer than -15°C.
This is associated during the time when the pump is activated to provide airflow through
the system, and while the frost-layer is established. The gain-sensitivity of this instrument
is too high for temperatures warmer than -15 0C, since its value is optimized for -20 to

-80 0C frost-point range. This should not detract from the usefulness of this instrument,
because humidity values warmer than -15°C can be obtained from other thermoelectric
hygrometer devices, such as the General Eastern hygrometer (DPT) on the Sabreliner.

The inline temperature (CRHT-°C) and inline pressure (CRHP-mb) can also be
monitored. Typical values for CRHT are in the range of 0 to 15°C, which is in between
the outside air temperature and the cabin temperature. The inline pressure CRHP is
typically 50 mb lower than the outside ambient pressure (PSFDC).

4.8 Diagnosis and repair

Instrument failure can be detected during flight by monitoring real-time data outputs.
The nature of the failure can be determined as to power failure or to component failure in
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FIG. 10. A schematic of mirror calibrator block. Copper block (1); PRT ther-
mowell (2); mirror assemlbly (3); connector for thermistor (4); cover
plate (5).
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the instrument. A loss of 28 V dc to the instrument will be noticeable on the instrument
front panel. Should the frost-point temperature indicate cold temperatures (< -80°C)
with no response to changes, this could indicate either mirror thermistor failure or the
heater circuit failure. The cycling of the heater circuit can be visually monitored by
observing the heater LED on the front panel. If the heater circuit is cycling, but there is
no response to humidity changes, this could indicate an open thermistor element.

Failure of transducer outputs of CRHT and CRHP can also be detected in flight.
The most likely indications will be a lack of response and unreasonably high or low values.
Should these failures occur, they will degrade the humidity measurements without pressure
corrections.

Once the flight is completed, it will be necessary to isolate the problem to the particular
component. The power supply can be checked through J3 connector where pin no. 1 is
+15 V dc and pin no. 2 is 15 V return. To isolate the problem in the sensing port/optics
block assembly, testing must be performed at room temperature. The first step is the
visual inspection of the mirror condition, followed by a process of elimination to determine
which component failed, e.g., thermistor, heater coil or optical block diodes. These could
be checked through J1-DE-9S connector. (See Fig. 11.) If the electronic circuit board
is suspect, the first step would be visual inspection for burned or damaged parts; one
would then proceed to isolate the problem. Other recommended checks would be to check
connector mating inside the instrument, check the outgoing lines to the data system and
then proceed with repairs as necessary. To check the air flow pump power control circuit,
refer to Fig. 12.

Failures in the heater, thermistor or optical block will require replacing the individual
components or the whole assembly. RAF typically carries a spare assembly during field
operations. After the repairs are completed, a thorough leak-check should be performed.
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