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SUMDVIARY

An experimental apparatus was built and used to measure the response time of very fine

wet-bulb thermocouples in air. Rapid response solenoid valves (15 msec response time) were

used to control airflow, through tubing into which wet-bulb thermocouples were placed.

Thermocouple wire (type T, 0.005 cm diameter) was used to fabricate thermocouples for testing.

The thermocouple tip (bead) was covered with a wick (cotton fiber) to build a wet-bulb. The

experiment was performed for air velocities ranging from 1.50 to 2.5 m/sec, measured at the flow

meter (0.166 - 0.478 m/sec) inside the housing and changes in temperature ranging from 12.5'C

to 17.39'C wet-bulb. These experimental conditions were selected to simulate human respiratory

conditions. The apparatus produced repeatable square waves and allowed change in direction of

temperature gradient without difficulty. The experiment was carried out for both cooling (going

from hot-to-cold) and heating (going from cold-to-hot) of the thermocouple using two different

tubing diameter (1 and 1 5/16 in.).

Wet-bulb thermocouple response time of 0.175 sec (1 in. housing) and 0.153 sec (1 5/16 in.

housing) were obtained. Conduction along thermocouple wire and radiation effects was shown to

negligibly affect response times. The effect of the temperature change for small increments and

direction of the gradient were also found to be insignificant. There was a negative correlation

between air velocity and the time response of a wet-bulb thermocouple. This technique allows

investigators a means of assessing data acquisition system response times in a repeatable fashion.
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INTRODUCTION

Measurement of instantaneous temperature changes in air or gas is becoming increasingly
important in the field of heat transfer with numerous medical and scientific applications.
Respiratory changes in air temperature in both human nasal and oral cavities require highly
accurate and rapidly responding temperature sensors. The so-call lag test used in the past,
consisting of rapid immersion of a dry-bulb thermocouple into a liquid bath was generally
inadequate. Another problem was the difference in heat capacity of measured medium (air or
water) considering that heat transfers faster in more dense, higher capacity medium. The biggest
problem is repeatability from bath to bath because of differences in bath characteristics such as
flow pattern, agitation rate, location and depth of the thermocouple, and film consistency.
Usually when the thermocouple bulb or well is immersed into a bath, it was almost impossible to
determine a true film coefficient.

In addition, the film coefficient is highly dependent on turbulence around the thermocouple
tip, which is a function of fluid velocity. As turbulence increases, the fluid film thickness around
the thermocouple tip decreases which in turn reduces response time by increasing the film
coefficient, ASTM (reference 4). High liquid heat transfer coefficients help minimize
thermocouple response time. However, this method appears to be inappropriate because of
differences in the heat transfer mechanism when thermocouples are used in gas. Conduction is
the primary heat transfer mechanism when using a liquid bath whereas both convection and
radiation are the significant factors in gas media.

Table 1 published by OMEGA (reference 5) shows the relationship between air velocity and
dry-bulb response time for fine type J thermocouples (no value reported for Type T
thermocouple). These theoretical, not empirical, response times were computed for air
temperatures between 37.8*C and 4270C and water temperatures between 37.8'C and 93.3*C by
the manufacturer. No such data are published or reported for wet-bulb thermocouples.
Considering the differences in density, heat capacity, and thermal conductivity, heat transfer
properties at the thermocouple tip differ greatly in different media. Consequently, the use of a
liquid model is inappropriate for determining response times in gas using a dry-bulb and most
certainly not practical for determining wet-bulb time constants.

Table 1: Fine Thermocouple Response Times Reported by OMEGA (reference 5)

Wire Size Still Air 60 ft/sec
(in.) (msec) (msec)
.001 50 4
.005 1,000 80
.015 10,000 800
.032 40,000 3,200

When considering measurement of time constant in small conduits, others either did not
measure it, see Webb (reference 1), or the techniques used in characterizing response times were
unreliable, see Ray et al (reference 2). In an earlier study, Farahmand and Kaufman (reference
11) measured the response time of a dry-bulb thermocouple in air. The apparatus produced
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repeatable square waves and allowed change in direction of temperature gradient without
difficulty. The experiment was carried out for both cooling (going from hot-to-cold (H-C)) and
heating (going from cold-to-hot (C-H)) of the thermocouple. This provided a suitable technique
for measuring dry-bulb thermocouple time constants in air/gas medium for variety of
temperature ranges with reliable and repeatable results. No comparable techniques for
empirically determining response times of wet-bulb thermocouples are reported in the literature.

Considering the wet-bulb wick, any attempt to immerse the thermocouple in liquid bath
would be ineffective. Manufacturers of thermocouples never attempted to quantify the response
time for any type of wet-bulb thermocouples. One of the main obstacles in working with wet-
bulb thermocouples is the problem with repeatability. This is because of variation in wick type,
thickness, surface area of the thermocouple bead covered, and the level of moisture saturation of
the wick covering the bead.

A methodology in making and maintaining robust wet-bulb thermocouples in both
application and repeatability was developed and utilized (patent Number: 6659963) by Kaufman,
Askew, and Farahmand (reference 12). The wet-bulb thermometers are basically dry-bulb
thermocouples with a wick covering the tip or the measuring junction. The wick consists of
100% cotton string from nontreated, nonsterilized medical gauze tied around the tip of the
thermocouple covering the bead. The number of the cotton fiber strands required to cover the
bead will vary depending on the bead size. The cotton strands are also used to carry the water
1 cm or less from the end of the capillary tubing to the wick around the thermocouple bead. This
assures that a water droplet is not formed around the thermocouple bead and yet the wick
remains saturated with water.

METHODS

TEST APPARATUS

The apparatus which was used to determine the time constant for wet-bulb thermocouple
uses a solenoid valve to switch between flow lines. Figure A-I shows a schematic diagram of the
experimental apparatus. The apparatus is also shown in figure A-2. Comparing several fast
acting electrical solenoid valves currently available commercially (Cat series miniature valves,
Sierra valves, Kloehn micro miniature valves, and others); Humphrey 310 in-line solenoid valve
was selected. The Humphrey valve has a pressure rating from 0-125 psig and a temperature
range of 0-50*C. The response time using 120 VAC (50/60 Hz), 4.5 watts is reported as 12/20
msec. Both DC and AC voltage valves have a energization time of 0.010 sec and a
deenergization time 0.005 and 0.018 sec, respectively. Since an AC voltage valve was used for
the experiment, the inlet flow lines were switched when changing flow temperatures to allow the
valve to energize for all experimental runs. This minimized the valve response time to the lowest
possible time and allowed consistency between runs.

2
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The Humphreys solenoid valve was a 1/8 in. ported, two-position, three-way, single
solenoid valve. The port configuration was either open or closed on one side. To optimize
performance, large diameter clear Tygon tubing (R3603) was attached to the outlet port with ID
= 1 5/16 in. and ID = 1 in. Tubing length was kept at minimum. The velocity conversion
equations shown in table 2 were used to determine the air velocity in the two different size
housing based on the three values of 1.5, 2.0, and 2.5 m/sec as measured by the flow meter.

Table 2: Velocity Conversions

Velocity Convemlon

y = 0.1 lx + 0.001
Velocity measured by flow meter (m/sec) Velocity in housing = 1 5/16 in. (m/sec)

1.5 0.166
2.0 0.221
2.5 0.276

y = 0.1925x - 0.0031
Velocity measured by flow meter (n/sec) Velocity in housing = 1 in. (m/sec)

1.5 0.28565
2.0 0.3819
2.5 0.47815

To stabilize flow rate and to minimize pressure drop in the system, two separate air
compressors were used. The first compressor supplied the "ambient" flow line and the second
compressor supplies air to the heated line. The air in this line was heated by flowing through a
coil immersed in hot water using an RTE-210 NESLAB constant temperature water bath. Flow
was equalized between the two lines using the air compressor regulators and inline cutoff valves.
The flow rate and relative humidity was measured and determined for both lines. The airflow
was measured using a VMM 402 Interface Associates flow meter. Dry-bulb temperatures were
also measured at the inlet side of the valve. The ambient temperature and relative humidity are
recorded before each run.

LABTECH software was used for data acquisition with wet-bulb, dry-bulb, and elapsed
time data collected at 1000 Hz. The two inlet dry-bulb temperatures, relative humidity, and flow
data were recorded at 0.5 Hz. The date, time, chamber or ambient temperature and humidity, and
total flow at the outlet were recorded manually.

THERMOCOUPLES

Wet-bulb and dry-bulb thermocouples were installed 1 in. from the outlet port of the
solenoid valve inside the Tygon tubing. These were constructed from type T 44AWG
thermocouple wire with both negative (constantan) and positive (copper) leads under the same
enamel insulation (Physitemp Instruments, Clifton, New Jersey, model W-TW-44P).
Thermocouple tips were spot welded to create bead diameters of 0.05 mm using a HOTSPOT-
TC weld manufactured by DCC Corporation.

3
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The wet-bulb thermometers were a dry-bulb thermocouple with a wick covering the tip or
measuring junction. The wick consists of 100% cotton string from nontreated, nonsterilized
medical gauze tied around the tip of the thermocouple covering the bead. The cotton string was
then trimmed to reduce mass to assure minimum response time. The number of the cotton fiber
strands required to cover the bead will vary depending on the bead size. Braided cotton strands
were also used to carry the water 1 cm or less from the end of the capillary tubing to the wick
around the thermocouple bead. This assures that a water droplet is not formed around the
thermocouple bead and yet the wick remains saturated with water. This technique ensures a
continuous mass rate of flow of moisture input to the ambient air surrounding the wick at various
ventilation rates. The average density of the wick saturated by distilled water was 1.007 glcm 3.
Figure A-3 depicts a wet-bulb thermocouple schematic with the wick surrounding the
thermocouple bead.

Plastic capillary tubes were used to supply the wick with the water required to keep it moist.
One end of TYGON plastic tubing (ID--0.01, OD=0.03) was submerged in a container of
distilled water with the other end supplying the wick with moisture using the capillary action of
the tube. The plastic tubing was primed initially by injecting water into the tubing using
hypodermic needle to flush the line. Distilled water was used to ensure no film formation or
adverse effects on surface properties of water or wicking material as reported by Harrison
(reference 16). The water container was placed on a manual elevator and the flow of water to the
wick controlled by raising and lowering the container. Each thermocouple was calibrated
individually. The wet-bulb thermocouples were calibrated as dry-bulb thermocouples before
wick was attached. A two point calibration (00C, 29.7716*C) was conducted using an electric
zero point cell (POND Engineering Laboratory, Inc.) and gallium cell (YSI Model 17402,
Gallium Temperature Standard, Basic Meteology Yellow Springs Instrument Company).

EMPIRICAL TECHNIQUES

Independent variables affecting thermocouple response times in this experiment included
the air velocity, temperature at which the air was heated, and direction of temperature change.
These same variables were considered in an earlier study of dry-bulb thermocouple response
times (reference 11).

The air velocity was selected at three levels. The upper flow limitation was dictated by the
capacity of the wet-bulb thermocouple to withstand flow without losing or displacing the wick or
thermocouple bending and touching the wall of the conduit. The velocities selected were 1.5, 2.0,
and 2.5 m/sec. Flow regulator valves and in line shutoff valves were used to reach the desired
flow rate and helped stabilize the pressure. The upper limit of the flow was bound by compressor
capability and Tygon tubing capacity. Difficulty in regulating flow would occur at 1.5 m/sec as a
result of different reservoir sizes on the compressors. The housing dimensions used were 1 and 1
5/16 in. The experimental runs were repeated for each of the housing dimensions.

Three bath temperatures were used (701C, 80 0C, and 900C) to heat the air; the upper limit
on the bath temperature without affecting the integrity of the Tygon tubing was 90'C. Small
changes in temperature were considered in the study determining the time constant for the dry-
bulb thermocouples (reference 11). It was found that time constants are more accurately

4
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determined for smaller temperature changes rather than large changes because of the dependence
of gas stream and thermocouple physical properties on temperature (reference 6). Small
temperature differences within the conduits of the solenoid essentially eliminated the effects of
radiation and conduction; consequently, the rate of heat gained or loss by the thermocouple as
the flow changes from C-H or H-C is primarily resulted from forced convection. Negligible
radiation effects justified omitting thermocouple shielding which optimized heat transfer
between the gas stream and thermocouple tip. This resulted in high accuracy and repeatability in
calculating the time constant of the thermocouple.

The third factor considered was the direction of which the temperature was changed. The
first option was to expose the wet-bulb and dry-bulb thermocouples to the ambient flow first and
then switch to the heated flow. The second option was to stabilize the system at the heated flow
temperatures and then switch to the ambient or cooler flow. Both options were considered. The
A/C current switch was turned on for the heated flow, which in turn caused the solenoid valve to
heat. This problem was addressed by switching the inlet flow at the solenoid valve, which in turn
allowed the valve to be at open position for the heated line when off. With the A/C power off the
only heating inside the valve was directly as a result of the heated air and not the A/C current.

The time constants were calculated by first using Statistica software to find the range of
time during which the change in temperature takes place. After the temperature before and after
the change for both the dry-bulb and the wet-bulb were determined, the data were graphed and
the initial and final temperatures were determined. The excess data were then filtered using
Excel. SigmaPlot was then used to transform the data to mathematical equation. The equations,
along with the data, were exported to TableCurve to calculate the time constants. The data were
plotted on a semi-log graph and all points to the left of the inflection point were removed. The
curve was fitted using a simple equation by maximizing the r2.

The mathematical equations are in the form of "Iny = a + bX". Determine the value of X for

the point along the line of data in the graph at which the Y-value is expressed in equation (1).

T. - (reference (T. - Tf) x 0.632) = Y (1)

Time constant r is then calculated by subtracting Tf from the new value for X.

THEORETICAL ANALYSIS

The three heat exchange models were considered: (1) Ramp change - in which the
temperature of the medium is increased in a linear fashion which in turn causes a linear increase
in the thermocouple temperature; (2) Step change - in which the temperature of the medium is
changed "instantaneously" causing a rapid change in the thermocouple temperature; (3) Periodic
change - in which the temperature of the medium is changed sinusoidally causing alternate
temperature changes in the thermocouple. The step change most closely models the response
time of a fine dry-bulb thermocouple in air (reference 11).

5
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This step change model of thermocouple temperature response considers first order response
only. The finite time required to transfer the heat from the initial environment to the thermometer
is known as the transient time. This period is considered an initial transient period before the
thermocouple response could be characterized as first order. The first order response is an
exponential curve (straight line on a semi log plot).

No instrument, however fast or sensitive, responds instantly to a change in its environment.
Thus, thermocouples used to measure changing temperatures in a dynamic environment will not
immediately indicate the true environmental temperature. This lag in thermocouple temperature
response is the experimental thermocouple time constant or response time and corresponds with
T. Graphical solutions were used to quantify T from experimental data.

The technique of Murdock et al. (reference 3) was used to identify thermocouple response
time. Briefly, the initial thermocouple transient period was identified from the log linear portion
of the response curve. Transforming temperature data as:

LogT- i-T1 (2)

where T = thermocouple temperature and Tf = final recorded thermocouple temperature, the
temperature curve initially displays nonlinear behavior followed by a first order (linear)
response.

To isolate the thermocouple linear response, initial nonlinear temperature response regions
were omitted when calculating thermocouple response times in accordance with Murdock et al
(reference 3). The inflection point (at time = to) marking the beginning of the exponential (log
linear) portion of the curve was found. First order linear regression fit a line through this portion
of data. Final temperature (steady state temperature of the conduit air stream) is first achieved at
time tf. Thermocouple response time represents 63.2% of the elapsed time from to to tf.

For the dry-bulb, the thermocouple response to an ambient temperature step change from
T.mb,I to Tmb.2 is normally described by:

where "r defines the time required for TtC to reach 63.2% of the difference between Tmb,1 and
Tab2. Solutions for T can be accomplished either numerically or graphically. An empirical
solution given by Scadron and Warshawsky (reference 8) for a time constant, ,, involving only
convection is:

r = .302 P.c.D' 5 (1+0.2M2)°' (4)(Mp)0.5 T,°01 8

6
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where pwCw = product of the wire density and heat capacity, calculated for a thermocouple wire
pair as the arithmetic mean of the thermocouple wire (copper, constantan) properties, D = wire
diameter, p = atmospheric pressure, T, = total temperature, and M = Mach number of gas flow.
Average air stream temperature was used to determine thermal characteristics of air.

When considering wet-bulb thermocouples, capillary effect is not likely to be significant
when the wick is thoroughly saturated with water and there is also evaporation cooling that is
added to the equation. This additional factor influences the heat transfer characteristics of the
system by providing faster cooling rate of the thermocouple when going from hot to a cold flow
and slower heating rate when going from a C-H flow. The wet-bulb influences the time constant
for the response of each thermocouple. The evaporative cooling is a function of the degree of
saturation at the wick. Considering that no water droplet is formed around the tip/wick and that
the density of the saturated wick (1.007 g/cm 3) is very close to the density of water, the
assumption that a thin film of water covers the tip of the thermocouple is valid. The increased
response time as a result of heat transfer through the water film is characterized by Murdock
(reference 3) for all liquid films to be:

1800pwcrf (5)
hf

where p, is density of water in lb per cubic feet, c is specific heat in Btu per lb-F, rf is radius

or thickness of the film in feet, hf is the film heat transfer coefficient in Btu per hr-ft sq-f.

Considering that equation (5) is the response time as a result of heat transfer through a liquid
film with a thickness of rf = r. - r,, where r. is the radius of water droplet and rc is the radius

of thermocouple.

To analyze the process of mass transfer as a result of evaporation from the thin film of water
covering the tip, simultaneous heat and mass transfer (low rate) is considered. The latent heat is
absorbed when vapor is created and the surface is cooled lowering the vapor pressure and
consequently reducing evaporation rate. Lienhard and Lienhard (reference 18) modeled the low
rate of heat and mass transfer as a result of evaporation from a thin film at low temperatures
using sling psychrometers. Writing the energy balance on the wick:

n ,H HH,1 - q. = H22o0,U HH20U (6)

i.e.,

Enthalpy of the Heat Enthalpy of
water vapor leaving - convected = liquid
the surface to wet-bulb water arriving

Where nH~ois number of moles of water transferred. Since n ,o.1S= nH2., and enthalpy change

result from vaporization, H -120.3 - = Hhs, hence

7



NAWCADPAX/TR-2004/124

nH2o,.Hfg 1, = h(Ta - T4) (7)

where Hf, is the heat of vaporization. At low rate of flow, nHo., JH20., and in terms of mass

transfer coefficient

gm,H2o (MMS - m• )Hf, I, = h(Tr - Trb) (8)

The heat transfer coefficient for the forced convection has the general form

hD = cRP2 prY3 (9)
k

but

g. = 1 (10)
h cpLeY3

and

h = LeY3 (11)
gmCp

This ratio depends primarily on dry-bulb air temperature, Ta and humidity of ambient air, mH,..

A source of error in measuring response time, r with wet-bulb thermocouples is the water
film thickness (the amount of moisture or dew on the wick). The wick could actually accumulate
a large drop of dew or water on the tip of the thermocouple that would then insulate the bead
from the flow. Other sources of error in computing r can be attributed to conduction, radiation,
and velocity effects during temperature measurements. Conduction occurs along both the
positive and negative thermocouple leads. Heat also radiates from the conduit walls to the
thermocouple when going from C-H chamber and from the thermocouple to the surrounding
surfaces when going from H-C media. Assuming the mass of the wire insulation is sufficient to
keep support temperature relatively constant, then one can define a time constant, xk~rc,

accounting for convection, conduction, and radiation (reference 7) as:

-k,,c = ( 1 -M) (12)
1+ 40ew

T8
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where xw = conduction correction factor, 1 = radiation error factor, ew = thermocouple
emissivity, and Tg = gas temperature (reference 2). Both AVm and I0 are defined by Scadron and
Warshawsky (reference 8) in terms of gas and wire properties and the gas stream Mach number
and are .008 and 1.275, respectively, for the conditions used in this study. Applying these values
to equation (11) demonstrates that calculated differences between T and Tkr,c are negligible
(<5%) given the present study conditions. Kinetic energy effects on temperature sensing
attributable to gas stream velocity are also negligible at low Mach numbers (reference 8).

An energy balance between convective heat transfer and heat accumulation in the tip for this
ideal system is given by:

h,ffA(T,, - Tt, ) mfc,. cf dt (14)

dt (4

where hdl = effective convective heat transfer coefficient of liquid film held by wick surrounding
the bead, A = outer surface area of the system, T. = ambient environmental temperature, and Tt
= thermocouple temperature, ni.ff and c& represent the combined mass of the bead, wick, and
liquid film and effective heat capacity of this system, respectively. Redefining thermocouple
density and mass as:

f m• (15)

mec f = m.c. + mbCb (16)

and the thermocouple time constant, r as:

= k (17)
herA

the effective heat transfer coefficient is given by:

hf = hDPc,-p C (18)

where hD = f/2 ' p. and cp are the density and specific heat of water, Sc is the Schmidt

number, Pr is the Prandtl number, and f is the friction factor for flow of air over the film which
is given by:

0.184 (19)
f= Re 

(2

9
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STATISTICAL ANALYSIS

A paired-t test was used to assess whether the housing dimension, ambient temperature and
relative humidity, bath temperature, air flow velocity, and the direction of temperature change
(H-C versus C-H) affected response times. Correlation analysis and a one-way analysis of
variance identified which independent variables significantly affected thermocouple response
times. Significance was measured at a significance level (cx) = 0.05. Uncertainty as a function of
systematic bias, B, and experimental standard error of the mean, Sz, was determined from:

URSS = [B2 + (t95S•)2Y1 (20)

where t95 = Student t statistic for a normal distribution at a 95% degree of confidence (reference
7). It was assumed that B represented the temporal resolution of the data acquisition system that
equaled 1 msec for a 1 kHz sample rate.
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RESULTS

Figure A-4 depicts a typical response of a wet-bulb thermocouple as the flow is switched
from hot-to-cold. Fifty-four runs were made at random with the sequence specified by the
methods for a total of 108 runs. Tables 3 and 4 show the experimental data and the response
times for both the dry-bulb and wet-bulb thermocouples using two different housing inside
diameter.

The last two columns in tables 3 and 4 provide calculated time constants (response times)
for each run. No significant difference was found between response times based on the two
housing sizes used in the experiment based on a paired-t test at A<0.05. Mean overall response
time using 1 5/16 in. housing for the dry-bulb was 72.3 ± 12.9 msec and for the wet-bulb 152.5 ±
50.3 msec. Mean overall response time using 1 in. housing for the dry-bulb was 69.9 ± 9.9 msec
and for the wet-bulb 175.0 ± 63.9 msec.

The regression summary for the wet-bulb response times is as follows:

Dependent Variable: DB TC (Dry-Bulb Time Constant) r= 0.49 r2 - 0.24
Adjusted r2-=- 0.22, F (3,104)= 11.066 p<.00000 Std. Error of estimate: 10.169.

N=108 Beta IStd. Err. .s Std. Err. t1(104) p-level

Intercept F___ _ F107.3333 11.15704 9.62023 0.000000

Air Vel I-0.106855 F0.085374f-3.0000 F2.39692 F-1.25161 10.213521
JBath Temp 1-0.127632o0.085374 [-0.1792 0o.11985 F-1.49498 0.137949

Flow Dir -0.462891 0.085374 -10.6111 F1.95708 I-5.42192o.o000000

The regression summary for the dry-bulb response times is as follows:

Dependent Variable: WB TC (Wet-Bulb Time Constant) r=- 0.24 1=- 0.056
Adjusted r2=- 0.029, F(3,104)=2.0552 p<.11072 Std. Error of estimate: 1901.1.

N=108 [Beta [Sd. Err. B 6 Std. Err. t(104) p-level

intercept [ -108.907 2085.715 -0.05222 0.958457

Iir Vel [-0.185127 0.095275 [70.67 44.083 -1,94309 0.054709
IBath TmpF0.115149 F0.095275[27.078 !22.404 11.20860 10.229556
I Flow Dir -0.09118440.095275 F-352.685 F365.859 t-0.9639910.337285
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Table 3: Response Time Data and Experimental Results (Housing ID = 1 5/16 in.)

Run Vw Tft* Flow T.b RH. . DB Il DB IT WB i WB 1T DB TC WB TC

No. (nIM) (00 Dir (60 C °C) 00 (°C CC) (mec) (MM)

1-3 2.00 70 C- H 27.1 38 27.01 28.17 13.39 13.82 74 136

4-6 2.00 70 H-C 27.1 38 31.24 29.76 15.28 14.77 61 120

7-9 2.50 70 H-C 27.3 37 33.36 31.07 16.06 15.78 73 107

10- 12 2.50 70 C- H 27.6 37 28.79 29.96 14.18 14.52 78 219

13- 15 1.50 70 C- H 27.9 37 27.75 28.63 12.69 13.06 82 150

16- 18 1.50 70 H - c 28.0 37 30.03 29.30 13.83 13.62 66 187

19-21 2.00 80 H-C 28.2 38 30.87 29.17 13.61 13.18 65 232

22-24 2.00 80 C- H 28.2 38 28.00 29.78 12.31 13.01 88 170

25- 27 2.50 80 C- H 28.2 38 27.68 30.18 12.50 12.67 63 110

28-30 2.50 80 H-C 28.5 39 33.25 30.82 16.03 15.58 60 95

31-33 1.50 80 H-C 28.5 40 32.65 31.36 16.32 15.99 60 105

34-36 1.50 80 C- H 28.5 40 29.22 30.55 14.16 14.91 80 204

37-39 2.00 90 C- H 28.5 39 27.59 28.91 12.93 13.62 78 173

40-42 2.00 90 H-C 28.6 39 34.21 31.66 16.35 14.97 64 127

43-45 2.50 90 H-C 28.7 39 39.03 35.13 18.08 17.34 72 129

46-48 2.50 90 C-H 28.8 39 31.86 33.92 14.55 17.16 86 206

49-51 1.50 90 C-H 28.8 39 30.14 32.01 15.04 15.70 78 128

52-54 1.50 90 H - C 28.8 39 35.69 33.43 17.46 16.52 72 145

Mean 28.2 38.5 31.0 30.8 14.7 14.8 72.3 152.5

Standard Deviation 0.563 0.955 3.228 1.923 1.710 1.453 12.910 50.369

Table 4: Response Time Data and Experimental Results (Housing ID = I in.)

Run V,, Tn. Flow T,, MRH. DBi DB IT WB il WB IT DB TC WB TC
No. (Mine) CC) Dir (00) L%) (°C) (0C) (°C) (LC) MS") (nmse)

1-3 2.00 70 C- H 27.2 40 26.33 27.36 11.64 11.80 85 199

4-6 2.00 70 H-C 27.1 40 31.56 29.37 13.84 13.35 71 182

7-9 2.50 70 H-( 27.2 36 34.54 31.18 15.06 14.68 62 223

10- 12 2.50 70 C- H 27.3 40 29.43 31.89 13.74 15.77 84 206

13- 15 1.50 70 C - H 27.3 40 28.94 30.33 14.28 15.42 91 214

16-18 1.50 70 H-C 27.3 40 31.63 30.22 15.74 15.31 68 229

19-21 2.00 80 H-C 27.5 39 31.56 29.19 14.86 13.84 66 227

22-24 2.00 80 C- H 27.6 39 28.70 30.29 13.01 14.78 64 179

25-27 2.50 80 C- H 27.6 39 28.80 31.57 13.05 15.75 66 153

28-30 2.50 80 H- C 27.8 39 36.54 32.42 16.35 16.21 64 143

31-33 1.50 80 H- 27.9 39 35.07 32.29 16.23 16.09 64 133

34-36 1.50 80 C-H 27.9 39 30.37 31.54 14.44 14.66 70 111

37-39 2.00 90 C-H 28.0 39 27.85 29.59 12.78 13.15 67 111

40-42 2.00 90 H- C 28.0 39 34.45 31.64 15.73 15.50 59 119

43-45 2.50 90 H- C 28.1 39 37.96 33.70 16.89 16.79 64 104

46-48 2.50 90 C-H 28.2 39 31.06 34.64 14.04 15.06 68 127

49-51 1.50 90 C- H 28.2 38 30.33 32.63 14.44 15.53 74 169

52-54 1.50 90 H- C 28.3 38 34.65 32.53 16.40 15.54 73 326

Mean 27.7 38.9 31.7 31.2 14.6 15.0 69.9 175.0

Standard Deviation 0.393 1.377 3.206 1.775 1.457 1.251 9.906 63.922
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Based on the data collected, as the bath temperature increases, the wet-bulb response time
decreases for the C-H flow. No significant change in wet-bulb response time is observed for H-C
flow. Figure A-5 shows the average wet-bulb response time for housing air flow velocity of
0.276 m/sec plotted for the three bath temperatures. Marked correlations are significant at P<0.05
between air flow velocity and wet-bulb thermocouple response times. On the basis of the results
obtained from this study, there is a positive correlation between air velocity and response time
for both dry-bulb and wet-bulb thermocouples, as was the case in earlier study (reference 11).

No significant changes in response times were observed as a result of bath temperature
changes from 70'C to 90'C for either wet-bulb or dry-bulb. Figures A-6, A-7, and A-8 show the
mean response times plotted for the different bath temperature and directional flow for the wet-
bulb and dry-bulb thermocouples, respectively. Response times were generally larger when
heating - going from C-H for the dry-bulb only. No such trend is identified in case of the wet-
bulb.

Positive correlation was found for the wet-bulb response times as a function of flow
direction (correlation coefficient r = 0.22). Larger values of response times were observed at
flow direction hot-to-cold. The same correlation was found to be negative for dry-bulb response
times with larger values of response times observed at C-H flow direction correlation coefficient
r = -0.48).

Figure A-9 shows the mean dry-bulb and wet-bulb response times for both flow directions
as a function of velocity. Larger variations in wet-bulb response times are generally observed
with the largest variations for flow direction from hot-to-cold. Figure A-10 shows the wet-bulb
and dry-bulb time constants as a function of air velocities for both directional flows. Based on
the data platted, which is categorized by changing the flow from H-C and C-H, it can be stated
that the impact of the change in flow has a more profound impact on the dry-bulb than it does the
wet-bulb. Cooling the sensor responds more rapidly than heating the sensor.

13
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DISCUSSION

Many have attempted to quantify or measure the response time of a temperature measuring
device or system using theoretical or experimental techniques such as submersion of the bulb or
the thermocouple. However, no one appears to have developed an analogous technique for a wet-
bulb thermocouple. Without an accurate and repeatable procedure in measuring and
characterizing the response times of wet-bulb thermocouples, the response time of the data
collection system is irrelevant. This study demonstrates a technique for easily characterizing the
response time of the entire data collection system which uses both dry-bulb and wet-bulb
thermocouples.

The technique reported above provides a simple and repeatable method for empirically
quantifying fine dry-bulb and wet-bulb thermocouple response times in air. Mean response times
determined in the present study for the dry-bulb is 0.071 sec which is comparable to those
previously measured for 44 AWG thermocouples (0.055 sec) at air flow velocities of (3.1 - 3.7
m sec-') (reference 11) and (0.035 sec) at comparable air velocities (3.4 - 5.5 m sec-')
(reference 9).

Humidity sensors or measuring devices are usually one of the following: dew-point
hygrometers, psychrometers, sorption sensors, or traditional thin film sensors which are
considered to have relatively short response time usually less than 1 min as reported by Berlicki
(reference 12). The main disadvantages of this type of sensors used to measure wet-bulb
temperatures is still the slow response times which is directly a function of the sensor mass, the
thickness of the film, and the sensitivity of the sensor to the environmental conditions.
Repeatability problems could also arise from inconsistencies in level of the moisture on the film
since the sensor is wetted before each run.

In the past, there were few other attempts in measuring relative humidity using dry and wet-
bulb sensors or thermocouples. Even now the latest techniques in measurement of relative
humidity using thin film requires extended time for measurement, where as the proposed
technique in this study is designed for fast measurement of relative humidity in an environment
such as respiratory track where humidity is continuously changing in small time intervals. Mean
response times for wet-bulb in the present study are 0.164 sec.

For the most part, measuring response times in air included only the dry-bulb. Carbon, et
al. (reference 9) used a sliding metal shutter to control airflow across a thermocouple tip.
Berlicki et al (reference 12) developed a relative humidity sensor using thin film approach as
classically described by dry and wet thermometers. The sensor used thermopiles covered with
wet tissue. In such a case, the sensitivity of the sensor is dependent on the film thickness. Control
of the liquid film in measuring wet-bulb has always been a challenge.

Attempts to develop an equivalent system for the present study using rapid response
solenoid valves (ARO Fluid Power Products, Bryan, OH, model CAT33P) produced unreliable
results. Earlier study (reference 11) attempted to ameliorate these problems by moving the
thermocouple between two relatively large thermally stable media. Consequently, thermal
perturbations caused by a step change were minor compared to redirecting airflows. In the
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current study, rather than physically moving the thermocouples from one layer of flow to the
other, the flow is toggled and the sensor is stationary. One of the problems encountered was the
heating of the manifold when initially heated air was flown through it. The effect was minimized
by minimizing the duration of the flow to a few seconds. The flow was switched as soon as it
was stabilized. Another problem encountered was the heating of the manifold when the valve
was initially set at energized status (AC current on) before switching. To avoid this problem, the
valve was kept at deenergized state at all times and the lines were switched for various
experimental runs.
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CONCLUSIONS

In summary, this approach appears suitable for measuring wet-bulb response times for a

large range of temperatures and conduitAT's but at lower flow rates. 1igher flow rates

contribute to drying or displacing the wet-bulb wick. Study results indicate this technique

produces repeatable and reliable results when characterizing the response times of a temperature

data collection system using both wet-bulb and dry-bulb thermocouples. Furthermore, modifying

this apparatus allows this system to be used with gases other than air. This experimental

approach eliminates reliance on manufacturers' estimates of thermocouple time responses and

provides investigators the ability to quantify overall temperature measurement system responses.
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