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Summary: A variably-humidified air flow supplying system has been constructed for
the study of combustion phenomena which are strongly affected by the concentration
of water vapor contained in an oxidizer. In this system, the water-vapor concentration
can be controlled in the range of 0.001~0.1 in mole fraction at a total pressure of
atmospheric; the maximum mass flow-rate of the air (excluding the water-vapor mass
contained in it) is 0.17 kg/s. The air is first excessively humidified and then dehumid-
ified so that its humidity becomes a desired value. Humidifying is made by contact
of the air with the liquid water surface. Dehumidifying is achieved principally by the
contact cooling method (the method in which a humid gas is dried by direct contact
with a solid surface whose temperature is lower than the dew point of the gas) and
supplementarily by the expansion method (the method in which a humid gas is dried
by decrease of its total pressure). Design principles, detailed specifications of the
apparatus, and the results of the performance tests are described.

1. INTRODUCTION

The concentration of water vapor contained in oxidizer gases strongly affects the
combustion of some gases and some solids. The combustion of carbon monoxide
or of solid carbon is an example. In order to investigate experimentally the effect
of the water-vapor concentration on such combustions, we have constructed a variably-
humidified oxidizer flow supplying system. In this system, air is used as an oxidizer;
the water-vapor concentration can be controlled in a range of 0.001 ~0.1 in mole
fraction under a total pressure of atmospheric for a given flow rate of air. The
maximum mass flow-rate of the air (excluding the water-vapor mass contained in it)
is 0.17 kg/s.

Air flow supplying systems in which the air humidity is controlled are widely used
in chemical engineerings. In those systems, usually, the humidity cannot be varied
in wide ranges, and the air flow-rates are large. On the other hand, humidity-
controlled air flow supplying apparatus made of glass tubes and glass wares (mostly used
in laboratories of chemistry) supply only small flow-rates of air. And examples of
the variably-humidified air flow supplying system having the air mass flow-rates of
few hundreds of grams a second are seemingly few. Therefore, we report here the full
details of the design and the performance of our system for the information of those
investigators engaged in related fields.

[45]
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46 H. Tsuji, K. Matsui and A. Makino

2. DESIGN OF SYSTEM

2.1 Design Principle

We have planned to make the humidified air either issue into the quiescent atmo-
sphere as a free jet or flow in a combustion tunnel whose downstream end opens to
the atmosphere. That is, the humidified air is to be used under atmospheric pressure
or pressures slightly higher than atmospheric. The maximum mass flow-rate of
the air (excluding the water-vapor mass contained in it) is chosen 0.17 kg/s because
this rate suffices for small-scale, continuous combustion experiments. (For exam-
ple, an air-flow velocity of 27 m/s is obtained in a tunnel of 50 cm? cross-sectional
area at a pressure of 0.103 MPa and a temperature of 288 K.) We have intended to
make the maximum water vapor concentration in the humidified air 0.1 in mole frac-
tion and to vary the concentration by a factor of 100. Therefdre, the maximum dew
point of the humidified air was set 320 K, and the minimum 253 K (exactly, these
correspond to the water-vapor concentration of 0.1037 and 0.0009990 in mole fraction
under a total pressure of 0.1013 MPa). By the way, this range is wider than the usual
range of the meteorological humidity.

2.2 The Method of Control of Humidity

Principle The air fed by the air supplying facilities in the present system has a dew
point lower than 263 K. This air is first humidified to an extent that its dew point
becomes higher than the desired value. The air is then dehumidified to the desired
dew point.

The air is humidified by the contact with liquid water surface. Dehumidifying is
achieved principally by the contact cooling method, and supplementarily by the ex-
pansion method. Here, the former means the method for gas-drying in which a hu-
mid gas is dried by direct contact with a solid surface whose temperature is lower than
the dew point of the gas. The expansion method rests on the law that the dew point
of a humid gas decreases with its total pressure; this method supplies a deficiency in-
herent in the contact cooling method that the dew point of the humid gas cannot be
made lower than the temperature of the solid surface. A more detailed explanation
of this expansion method is given in §A.1 of the Appendix.

Practice Figure 1 shows schematically the system in which the aforementioned
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FiG. 1. Schematic flowchart of the system.
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A Variably-Hunidified Air Flow Supplying System 47

principles of humidity control are practiced. The parts upstream of the inlet of the
humidifying tower are the existing facilities for supplying air flow. The air pressure
upstream of the orifice flow meter FM1 and the pressure reduction through the orifice
can be controlled automatically to given values.

Humidifying of the air supplied by the existing facilities is made in the humidifying
tower. The air simply flows over the surface of unheated water stored in the bottom
(to be lightly humidified) or flows up against a shower of either unheated water (to
be moderately humidified) or heated water (to be heavily humidified).

Dehumidifying of the air by the contact cooling method is performed by either a
cooler or a refrigerator. The dew points of the air at the outlets of these apparatus
are regulated by variation of their cooling capacities. The cooling capacity of the
cooler is varied by the change of the flow rate of its cooling water. The hot-refrigerant-
bypass method is used for variation of the cooling capacity of the refrigerator. By
this method, however, its cooling capacity can be varied only in a narrow range,
and so, regulation of the air dew-point cannot be achieved for a wide range of the air
flow-rate. Therefore, when the refrigerator is used, the air flow-rates passing through
it are fixed at some favorable values; control of the air flow-rate is made downstream
of its outlet. The expansion method is performed simply by expansion of the air with
the expansion valve V7.

The final flow rate of the air is usually controlled by the valve V2 in combination
with the orifice flow meter FM1. When the refrigerator is used, the final flow rate
is controlled in the circuit line including FM2. In this line the air flow-rate is control-
led by exhausting some of the inflowing air into the atmosphere by V9; the air flow-
rate is measured with the orifice flow meter FM2. The walls of the lines downstream
of the outlet of the cooler (excluding the circuit line) are heated for condensation of
water vapor in the air flow to be prevented."

Table 1. COMBINATION OF METHODS OF HUMIDIFYING AND DEHUMIDIFYING WITH
INDICATION OF CONTROL OF HUMIDITY AND AIR FLOW-RATE

| . METHOD OF DEHUMIDIFYING

RANGE | - o AR FLow- | RoOUTE
OF EXTENT OF HUMIDIFYING . ) . . Rate Con- | OF
DEw : Contacé;?oolmg i ) TROL BY AIR
PoinTt | S e R N T ;‘Expansnon‘ - THROUGH
K| Heht ) e | Heavy [Cooler | ooy 1 V2 IV )
320~ 309 l 4 O - Oa \ 1 O ‘ V4 Ve V10
309~291 | | o o | oa | C | VaV7vio
291~276 \ o ! o | . oa | o | | Va V7 Vio
276~274 | O | . Oa O | VsVeVn
274~253 ' O I o I oa 0 | VsVivn

Not1e: The symbol O indicates what applies; A indicates that the final control of the humidity
is done there.

1) Heating of the wall of the circuit line is unnecessary because the dew point of the air flowing
through this line is lower than the room temperature.
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These practical methods of humidifying and dehumidifying are combined in several
ways depending on desired air-humidity. These combinations together with indi-
cation of the apparatus for air-humidity and flow-rate control are illustrated in Table
1. The ranges of the dew point shown in this table are typical: they somewhat vary
as the ambient atmospheric temperature or the cooling-water temperature changes.

2.3 Constitution of System

Figures 2 and 3 show the distribution diagrams of the present system; Fig. 2 includes
the main lines; Fig. 3 the water-supplying and -draining lines. Specifications of the
auxiliary equipments are given in Table 2, and those of the measuring apparatus in
Table 3. Explanations of the main apparatus and the air supplying facilities are given
in the following subsections.
Air supplying facilities Air is supplied continuously by a 116 kW, screw-type, rotary
compressor (the nominal flow-rate, 0.28 kg/s at 0.69 MPa); the compressed air is dried
by passage through a tower filled with silica gel. Six orifice flow meters are provided.
The pressure upstream of the orifice and the flow rate can be controlled in the ranges
of 0.268 ~0.690 MPa and 1.1 x107*~2.8 x 10~ ' kg/s. The details of these air supply-
ing facilities are given in reference 1.
Humidifying tower The structure of the humidifying tower is illustrated in Fig. 4.
Water is stored in the bottom. When the shower is needed, this water is pumped up
and sprayed from the six nozzles arranged in a circle. Heating of the stored water
(needed when a hot shower is used) is made by the six electric heaters plunged into
the water. The output of each heater is 7 kW ; these six heaters are divided into three
pairs; one pair is automatically controlled (on-off control) by indication of the water
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FiG. 3. Distribution diagram of the water-supplying and -draining lines of the sys-
tem. (The meanings of the symbols are the same as in Fig. 2.)
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Table 2. SPECIFICATIONS OF AUXILIARY EQUIPMENTS

Pump
‘ . | i DRIVING-MOTOR
\ Type \ LiFT-HEAD CAPACITY OUTPUT
MPa md/s kW
gza%water i regenerative | 0.74 4 2.8x10~¢ 2 1.5
g&;‘gatmg ’ regenerative | 0.59 ‘ 3.7x107¢ 1 1.5
Cooling-Water | two-stage | | _ ;
~_Supply Pump ( _centrifugal 77"07."279 ‘\lrﬁ i {Oi -,“,,A‘ ;5 -
Tank
MAXIMUM ALLOWABLE ; v
PRESSURE | OLUME
. MPa om -
Condensed-Water Reservoir 0.98 i 3.0x10"2
Distribution Tank ! 0.49 ‘1 3.8x10°1
Overflow Tank \ \ 5.0x10°2

temperature detected by a platinum resistance thermometer; one or both of the rest
are used for base heating. The water is fed intermittently. Relevant items are as
follows:

Water storage (maximum), 0.14 m?

Controllabe range of the water temperature, room temperature ~423 K

Spray pressure, 0.45 MPa

Mass flow-rate of the sprayed water, 0.44 kg/s
Cooler Figure 5 shows the structure of the cooler. It is a parallel-counterflow
heat exchanger with a base heat-transfer area (the total, internal surface area of the
cooling tubes) of 0.322 m*.  The controllable mass flow-rate of the cooling water ranges
from 0.02 to 0.917 kg/s.
Refrigerator Figure 2 also contains the distribution diagram of the refrigerator.
As is seen from the diagram, it is an ordinary, single-stage system. An alteration is
that a manually-operated throttling valve is installed before the expansion valve. The
flow rate of the refrigerant actually flowing into the evaporator is adjusted by this
valve so that the cooling capacity can be varied (the hot-refrigerant-bypass method).
Primary heat-exchange between the air entering the evaporator and that leaving the
evaporator i1s made because coldness of the air leaving these dehumidifying lines is
not necessary but rather harmful. Relevant items are as follows:

Refrigerant, R-12

Displacement of the compressor, 3.38 X 1072 m?/s

Output of the compressor-driving motor, 1.5 kW

Cooling capacity (nominal), 4.54 kW

Evaporating pressure (typical), 0.26 MPa

Condensing pressure (typical), 0.90 MPa

Heat-transfer area of the primary heat-exchanger, 1.07 m?

Heat-transfer area of the evaporator, 13.5 m?

Heat-transfer area of the condenser, 0.792 m?
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50 H. Tsuji, K. Matsui and A. Makino
Table 3. SPECIFICATIONS OF MEASURING APPARATUS
Thermometer
NOTATION TyPE MEASURING RANGE MINIMUM SCALE
°C °C
Ti liquid-in-glass 0~50 1
T2 bimetal 0~ 150 2
T3 liquid-in-glass 0~ 100 1
T4 liquid-in-glass 0~150 2
Ts filled-system —10~50 0.5
Te liquid-in-glass 0~ 50 1
T7 bimetal 0~ 100 2
Ts liquid-in-glass 0~ 150 2
To liquid-in-glass 0~ 50 1
Ti10 liquid-in-glass 0~120 2
Ti11 liquid-in-glass 0~ 50 1
Ti2 liquid-in-glass 0~ 50 1
Pressure Gauge
NOTATION TyYPE MEASURING RANGE! MINIMUM SCALE
P1 Bourdon-tube 0o~1 MPa 0.02 MPa
P2 Bourdon-tube 0~1.5 MPa 0.05 MPa
P3 Bourdon-tube 0~1 MPa 0.02 MPa
Ps Bourdon-tube 0~1 MPa 0.02 MPa
Ps Bourdon-tube 0~1 MPa 0.02 MPa
Ps Bourdon-tube 0o~1 MPa 0.02 MPa
Py liquid-column
(Thiesen-type) 0~ 4400 mmHg 1 mmHg
Pg Diaphragm 0~3 kPa 0.1 kPa
Po Bourdon-tube 0~1.5 MPa 0.05 MPa
P1o Bourdon-tube 0~1.5 MPa 0.05 MPa
P11 Bourdon-tube (compound)
—760~0 mmHg 760 mmHg
0~15 kgf/cm? 0.5 kgf/cm?
P12 Bourdon-tube (compound)
—760~0 mmHg 200 mmHg
0~15 kgf/cm? 0.2 kgf/cm?
P13 Bourdon-tube (compound)
—760~0 mmHg 760 mmHg
0~25 kgf/cm? 0.5 kgf/cm?®
P14 Bourdon-tube 0~0.6 MPa 0.02 MPa
Pis Bourdon-tube 0~1.5 MPa 0.05 MPa
P16 Bourdon-tube 0~0.6 MPa 0.02 MPa
P17 Bourdon-tube 0~1.5 MPa 0.05 MPa
Flow Meter
NOTATION TyPE MEASURING RANGE MINIMUM SCALE
1/min 1/min
Fi rotameter 3~30 0.5
F2 rotameter 1~10 0.2
F3 rotameter 4~ 45 1
F4 rotameter 3~30 0.5
Hygrometer
NOTATION TYPE MEASURING RANGE MINIMUM SCALE
°C (dew point) °C (dew point)
H Electrict —40~ 60 2

T in gauge pressure.
¥ Panametrics, Model 700.
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FiGg. 4. Structure of the humidifying tower.

Pipe-line heater The lines to be heated are wound with electric resistors: flexible,
wire resistors are used for the pipes, and flexible, ribbon-like resistors for the valves.
The lines are further wrapped with a heat insulator (glass wool of 20 mm in thick-
ness). The wall temperature of the line can be set at a desired value (room tempera-
ture ~423 K) by the automatic, on-off control of the electric current of the resistors,
the signal being the output of an iron-constantan thermocouple attached to the outer
wall of the line. The control is made separately in seven sections; the sensing thermo-
couple is set in the middle part of each section. The section is illustrated in Fig. 6,
and the electric power and the power density in each section are given in Table 4. The
electric powers per unit surface area of the expansion-valve line and of the lines just
upstream and downstream (sections I, III, and IV) are made high for compensation
of reduction in the air temperature caused by expansion.
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Table 4. ELecTrRiC POWER AND POWER DENSITY IN EACH SECTION OF PIpE-LINE

HEATER
NOTATION ‘\ ToraL ! TotaL ‘ TorAL '; Power l Power
OF | LENGTH | SURFACE AREA ELecTric | Per UnNIT ‘ Per UNIT
DivisioN | OF LINE | OF LINE POowER | LENGTH | SURFACE AREA
T m m* KW T kWm T kW
1 1.39 i 0.257 3.20 : 2.30 ’ 12.5
11 3.96 ‘ 0.632 2.62 { 0.662 | 4.15
111 2.18 1 0.287 . 3.14 ‘ 1.44 | 10.9
v 200 0.479 4.16 1.9 } 8.68
v 2.18 ' 0.553 .52 0.697 | 2.75
VI 2.52 ; 0.696 1.56 1 0.619 ‘ 2.24
VIl 0.89 | 0.557 238 | 267 ‘ 4.27
Tol | 1521 3461 | 1858 | I
Average  ..... L S L2 \ 5.37
Table 5. DeraiLs oF ORIFICE FLow METERS
} INSIDE | DIAMETER . DIAMETER j THICKNESS OF ‘ MEASUR:‘@BE&L/&\;’ RATE!
NOTATION DIAMETER OF ' RaTIO, B ' ORIFICE P AR
oF PiPE, D ; ORIFICE, d (=d/D) | PLATE ‘ Maximum 2 Minimum
T mm \ mm | mm kg/s ‘ kg/s
A 80.7 5 51.0 l 0.632 3.0 2.21x10"¢ | 5.13x1072
B 29 | 26.4 | 0.499 20 | 5.58x107 | 1.30107
C 27.6 ‘ 13.6 \ 0.493 2.0 1.47x107% | 3.38x1073
D 16.1 i 7.0 “ 0.435 2.0 l 3.85x107% | 8.83x10°*

T These flow rates are for a pressure upstream of the orifice of 0.12 MPa and a temperature up-
stream of the orifice of 293 K ; the pressure reduction through the orifice is 9810 Pa for the maxi-
mum flow rate, and 490 Pa for the minimum.

Orifice flow meter Four orifice flow meters are installed in the circuit line for the
control of the air flow-rate (cf. Practice, §2. 2). The orifices are sharp-edged, and
ring taps are provided. The details of the flow meters are given in Table 5.

3. PERFORMANCE OF SYSTEM

3.1 General Performance

Performances of the system as a whole and of the main apparatus were tested. It
has been verified that the designed range of the air humidity (the dew point, 320~
253 K) is covered for the air flow-rate of 0.002~0.17 kg/s. The system worked as
designed without serious troubles.

3.2 Ability of the Expansion Method

The dew points of the air flow were measured with an electric hygrometer (marked
H in Fig. 2 and Table 3) for various degree of expansion (including no expansion) with
other experimental conditions fixed. That is, the partial pressure of water vapor
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1.0
Air dew-point before

expansion, K

A 294~ 299

O 275~ 277

Nondimensional water-vapor partial
pressure after expansion Puz/(Pu2) p 1p -
1 b

Expansion ratio P,/P,

Fic. 7. Experimental results of the decrease in water-vapor partial pressure by
expansion.

after expansion, P,, was measured as a function of the expansion ratio P;/P,. Here,
P, is the total pressure before expansion, and P, after expansion. Figure 7 shows
the results; in this figure, P, divided by P, for P,/P,=1 is plotted against P,/P,.
It is seen from the figure that the nondimensional water-vapor partial pressure after
expansion decreases almost hyperbolically with the expansion ratio; it is confirmed
that the expansion method for decreasing air-humidity can be well put into practice.
In this figure, is drawn a hyperbola representing the relation

Ps/(Pw2)py/py=1=1/(P1/P2) ()

(cf. Eq. (A.1) in §A.1 of the Appendix). We see that this relation approximately holds
here.

3.3 Performance of the Humidifying Tower

The dew points of the air at the outlet of the humidifying tower were estimated for
the operation of the tower with hot-water spray (heavy humidifying) and without
water spray (light humidifying). For the operation without water spray, we set the
dew point at the tower outlet equal to the dew point measured with hygrometer lo-
cated at the downstream end of the system, making certain that no condensation of
water vapor occurs in the line between (including the cooler). For the operation
with hot-water spray, we estimated the air dew-point at the tower outlet from the
mass of the drainage at the cooler (i.e., the mass of water vapor condensed in the cool-
er) and the air dew-point downstream of the cooler, again making certain that no
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Air temperature Stored-water
at inlet, K temperature, K
O With spray 298 ~310 361 ~371
380
O Without spray 297 ~ 303 294 ~ 297
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FiG. 8. Air dew-point at the outlet of the humidifying tower as a function of the
mass flow-rate of the air entering the tower.

condensation of water vapor occurs in the line downstream of the outlet of the cooler.

Figure 8 shows the air dew-point at the tower outlet thus estimated as a function
of the mass flow-rate of the air entering the tower (the dew point of this air is lower
than 243 K). For the operation with hot-water spray, the dew point decreases grad-
ually (first slowly, then rather sharply) with increase in the air flow-rate. But, for
the operation without water spray, the air dew-point decreases slowly with the air
flow-rate, and at larger air flow-rates, it remains almost unchanged. For the opera-
tion with hot-water spray, the dew point at the air mass-flow rate of 0.195 kg/s is
327 K: humidifying ability of the tower is enough for the designed maximum dew
point (320 K) at the designed maximum air flow-rate (0.17 kg/s) to be reached. We
can obtain different humidifying abilities by varying the temperature of the water
sprayed.

Next, we arrange these results in a different way. The air dew-point at the tower
outlet is transformed into relative humidity.? The mass flow-rate of the air entering
the tower M, is converted into the nondimensional residence time Z defined by

Z-= 0080 T )(Myuly). ()

Here, o, is the density of the air in the humidifying tower; S, the cross-sectional area
of the tower; & the representative diffusivity; /, the representative length. The coef-
ficient of diffusion of water vapor in air estimated at the mean air-temperaure in the

2) The pressure and the temperature of the air at the tower outlet were also measured in the experi-
ment.
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FiG. 9. Relative humidity of the air at the outlet of the humidifying tower as a func-
tion of the nondimensional residence time of the air.

tower is used as 2: < is taken 2.99 X 1075 and 2.57 X 107° m?/s for the operation with
and without water spray, respectively. The representative length /, is conventionally
taken 0.9 m, the length from the air inlet to the spray-nozzle level in the tower.
The air density p, is taken 1.09 and 1.18 kg/m® for the operation with and without
spray, respectively. Note that Z is essentially the reciprocal of the air mass flow-rate
because p,, Sn, <Z, and /, are constant.

The result of this rearrangement is shown in Fig. 9. For the operation with hot-
water spray, the relative humidity first increases sharply with Z. But, as Z exceeds
3.5x 1074, its behavior becomes complex: it first decreases, then increases, and again
decreases. We think that this complicated behavior is caused by the complexity of
the interrelation between the extent of mass transport (humidifying of the air) and
that of energy transport (temperature rise of the air) in the tower. For the operation
without water spray, the relative humidity first remains unchanged with Z, then in-
creases, and again becomes unchanged. We cannot by now know why the relative
humidity does not vary with Z for smaller values of Z.

3.4 Performance of the Cooler

Figure 10 shows the dew point and the temperature of the air flow at the outlet of
the cooler, as a function of the flow rate of the cooling water, the air mass flow-rate
being the parameter (here, the air does not pass through the refrigerator). Natural-
ly, the dew point decreases with increase in the cooling water flow-rate, but the rate
of the decrease decreases with increasing flow-rate of the cooling water. For the air
flow-rate of 0.201 kg/s, the dew point varies from 326 to 311 K with the change in
the cooling water flow-rate, showing that the designed maximum dew point (320 K)
can be obtained for the designed maximum air flow-rate (0.17 kg/s). The range of
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FiG. 10. Dew-point and temperature of the air at the outlet of the cooler, as a func-
tion of the mass flow-rate of the cooling water.

variation of the dew point is 15 K for the air flow-rate of 0.201 kg/s, but the ranges
are wider for the smaller air flow-rates.

For the air flow-rates smaller than 0.102 kg/s, the temperature and the dew point of
the air at the outlet of the cooler coincide within the error of the measuring appara-
tus (the thermometer, ---1 K; the hygrometer, --2 K), indicating that the air is just
saturated at the outlet of the cooler. But, for the air flow-rates of 0.148 and 0.201
kg/s, the dew points are higher than the temperatures. This shows that the air is su-
persaturated at the outlet of the cooler for these air flow-rates. This, however, does
not mean that the air is still supersaturated at the exit of the system, because the air
gets heated just as it leaves the cooler by the pipe-line heater. The results of the per-
formance test of the cooler will be further analyzed in §A. 2 of the Appendix.

3.5 Performance of the Pipe-Line Heater
Figure 11 shows the rise in the air temperature through the pipe-line heater (the

This document is provided by JAXA.



58 H. Tsuji, K. Matsui and A. Makino
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Fic. 11. Rise in the air temperature through the pipe-line heater as a function of
the mass flow-rate of the air.

difference between the air temperature at the inlet of the heater and that at the outlet)®
as a function of the mass flow-rate of the air; the parameter is the set pipe-wall tem-
perature, i.e., the temperature of the wall of the pipe set by the automatic controller
(in this experiment, the air not humidified is used). We see that, for all the set pipe-
wall temperatures, the temperature rise first decreases with the air mass flow-rate,
then increases, and finally again decreases; the smallest temperature rise (for the set
pipe-wall temperature of 325 K and the air mass flow-rate of 0.206 kg/s) is 16 K. If
necessary, we can raise the set pipe-wall temperature up to 423 K: we see that this
pipe-line heater has sufficient capacity for the prevention of condensation of water
vapor contained in the humid air. Reduction of these data from a heat-transfer stand-
point will be made in §A. 3 of the Appendix.

3.6 Performance of Other Apparatus and Some Points about the Operation of the Sys-
tem
Refrigerator The refrigerator used is a ready-made apparatus; and it was not orig-
inally or could not afterward be fully equipped with measuring apparatus necessary
for the performance tests. Therefore, we cannot make systematic tests of its perfor-
mance. But, from the condenser heat load estimated from the temperature rise and
the flow rate of the cooling water, we can infer that it has a prescribed capacity of cool-
ing. Typical temperatures of the air at the outlet of the evaporator (measured by

3) The air does not pass through the refrigerator line in this experiment.
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Table 6. EXPERIMENTALLY DETERMINED FLOW RATES FOR ORIFICE FLOW METERS

FrLow RATE

NOTATION B o — n e e
| Maximum i Minimum
\" kg/s ) * - Ckgls
A \ 2.26 x107¢ } 5.25x<10"%
B ‘ 5.77x1072 3 1.34 1072
C ! 1.60%1072 l 3.92x10°%
D . 3.94x10"¢8 ‘ 8.81 <1074

NoTe: These flow rates are for a pressure upstream of the orifice of 0.12 MPa and a tem-
perature upstream of the orifice of 293 K. The pressure reductions through the orifice
are 9810 and 490 Pa for the maximum and the minimum flow rate, respectively. These
are the same as in the last two columns of Table 5.

T5, see Fig. 2) are as follows: 270 K for the air mass flow-rate of 0.054 kg/s, 272 K
for 0.13 kg/s, and 274 K for 0.17 kg/s.

Orifice flow meter The air flow-rates through the flow meters were measured by two
methods. For the flow rates smaller than 1.09 < 107° kg/s, the wet gas meter was
employed. For the larger flow rates, the flow rates were calculated from the veloc-
ity distributions at the exit of a convergent nozzle (66 mm in diameter) set down-
stream of the flow meters, the air velocity being measured by a pitot tube in combi-
nation with a Gottingen-type or a Chattock-type manometer.

Using these results, we have determined the product of the coefficient of discharge,
the expansion factor, and the orifice area (i.e., the value necessary for the calculation
of the flow rate with the knowledge of the pressure reduction and the upstream density
of the fluid flowing through the orifice) for each orifice meter. Table 6 shows the
maximum and the minimum flow rates calculated on the basis of the experimentally
determined coefficients (these flow rates can be considered to be experimentally mea-
sured flow rates). Comparing these results with those values in the last two columns
of Table 5, we find that the flow meters A and D are working as designed. But, for
the flow meters B and C, the actual flow rates are smaller than the designed. Per-
haps this is because manufacturing of the flow meters B and C was not accomplished
exactly as designed.

Some points about the operation of the system There are some points which we
noticed while actually operating the present system. These we describe here for
information.

1. When the final control of the air dew-point is made at the cooler by the regu-
lation of the cooling water flow-rate, a fluctuation of the flow rate (even a small one)
causes a similar fluctuation of the air dew-point: one must supply cooling water with
little fluctuation of the flow rate, if one wants to control accurately the air dew-point
by a cooler.®

2. Control of the air dew-point in a wide range by a commercially available re-
frigerator is difficult because such refrigerators are usually made so that their cooling

4) At first, we fed city water directly into the cooler. But we could not control accurately the air
dew-point because of the flow-rate fluctuation; we were compelled to feed the cooling water by a pump
in combination with an overflow tank.
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capacity remains as unchanged as possible under varied conditions: one must specially
design a refrigerator in which the cooling capacity can widely be changed if one wants
to control the air dew-point in a wide range by a refrigerator.

3. In the present system, when the air flow-rate is large and the air dew-point is
high, supply of water to the humidifying tower and drainage of the condensed water
from the cooler must be done frequently (both of them are now handworked and real-
ly troublesome): these should be done automatically for larger systems.

4. Water vapor adsorbs tenaciously at the walls of the lines, and it takes sur-
prisingly much time for the system to be dried down to a low dew-point level: one
must wait patiently the attainment of equilibrium in the system when one wants to
use air of a low dew-point.

4. CONCLUDING REMARKS

The present system has been working as designed without troubles: this system
could make an example of a variably-humidified air flow supplying system of a labo-
ratory scale. One point we want to emphasize last is that the method for decreasing
air humidity by expansion is effective and also easy to be practiced.

310
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FiG. 12. Decrease in the dew point of a gas by expansion.
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APPENDIX

A.l1 Explanation of the Expansion Method

If a humid gas of the total pressure &# and the water-vapor partial pressure 7,
expands to a state of the total pressure &7, with neither addition nor extraction of
water vapor, then the water-vapor partial pressure after expansion, .Z,,, is given by

ﬁwzzﬁwlg2/*@1- (A'l)

That is, the water-vapor partial pressure, therefore the dew point, of a humid gas de-
creases by expansion. (In the present discussion, supersaturation or undercooling
of the gas is excluded.) We can best illustrate this decrease by expressing the water-
vapor partial pressure of a humid gas in terms of its dew-point and representing in a
diagram the dew point after expansion as a function of the dew point before expan-
sion, with the expansion ratio taken parameter. Figure 12 is such a diagram. We
see that the dew point of a humid gas much decreases when the expansion ratio is large.
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FiG. 13. Heat gain of the cooling water as a function of the mass flow-rate of the air;
the temperature of the air at the cooler inlet ranges from 332 to 343 K.
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A.2  Further Analysis of the Test Results of the Cooler

Figure 13 shows the relation between the heat gain of the cooling water (cf. Eq.
(A.2)) and the mass flow-rate of the air (excluding the mass of water vapor contained
in it). For the cooling water flow-rates of 0.0833 and 0.250 kg/s, the heat gain first
increases and then decreases with increasing air flow-rate. This will be due to the
decrease in the difference between the temperature of the humid air and that of the
cooling water for the larger air flow-rates. For the larger flow-rates of the cooling
water, the heat gain increases monotonically with the air flow-rate.

We can deduce the rate of heat transfer from the humid air to the cooling tube by
making some assumptions. We assume first that the heat gain of the cooling water
is equal to the heat loss of the humid air. We think this assumption reasonable
because the heat loss from the casing of the cooler to the surrounding atmosphere
is small. On this assumption the heat loss of the humid air Q is given by

Q=cu(Tyy—Ty)W. (A.2)

Here, T, and T, are the temperature of the cooling water at the inlet and at the out-
let of the cooler, respectively; c,, is the specific heat of the water, and w the mass flow-
rate of the cooling water. The overall heat-transfer coefficient U is defined by

_ Qo
U—(Ta-Tw)mnA ’ (A.3)

where (T, — Ty)mn is the mean temperature difference, and A4 the heat-transfer area.
The mean temperature difference appropriate for the parallel-counterflow heat ex-
changer is

1/(Ta1_' 312)2"}‘(7'vv2_71vv1)z (A4)
(Tal+Ta2)_(Tw1+Twz)+\/(Ta1— a2)2+(Tw2— w1)21 ’
(Ta1+Taz)_(Twl_*'Twz)'_\/(Tal— a2)2+(Tw2_Tw1)2

in which T,, is the temperature of the humid air at the inlet of the cooler, and T,, that
at the outlet [2]. In the present configuration, the cooling water flows inside the cir-
cular tube, and the humid air outside. Therefore, the overall heat-transfer coefficient
is expressed by

(Ta - Tw)mn =
In

1/U=1/h, +blk+1/h, . (A.5)

In this expression A, is the heat-transfer coefficient for the air side, A, for the water
side, b the thickness of the tube, and k the thermal conductivity of the tube material.

We assume next that A, is proportional to the 0.8 power of w.”> Then, we can
write as

1/U=1/h, +b/k+1/(@w’-*) (A.6)

(a is a constant). We assume third that 4, is a function of the mass flow-rate of the
humid air only. Then, for a given mass flow-rate of the humid air, the relation

1/U=:constant+1/(aw’-®) (A.7)

5) It is well known that this relation really holds when the temperature of the tube wall is
constant and the Reynolds number of the fluid flowing in the tube is larger than 20,000 [3].
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FiG. 14. Nusselt number for heat transfer (humid-air side) as a function of the
Reynolds number of the humid-air flow.

holds because b/k is originally invariable. So, if 1/U is plotted against 1/w’-® for a
given mass flow-rate of the humid air, the value of the ordinate at the origin gives
1/h,+b/k for that flow rate of the humid air. From this we obtain 1/h, because we
can calculate b/k from the knowledge of the size and the material of the cooling tube.®

The heat-transfer coefficient 4, thus obtained is expressed in the form of the Nusselt
number Nu, (=h,l,/k,) with the representative length /, taken equal to the external
diameter of the cooling tube (9.6 mm) and the thermal conductivity &, equal to 2.89 x
1072 W/(m-K) [4]. The mass flow-rate of the humid air M, is converted into the
Reynolds number Re, by the relation

Re,=M,L,/(Sap.) (A.8)

where S, and u, are the cross-sectional area of air-passage in the cooler and the kine-
matic viscosity of the humid air, respectively. We set §,=7.56x10"3m? and u,=
12.8 uPa-s (the value for the humid air saturated at 343 K). The relation between
Nu, and Re, is shown in Fig. 14. We see that Nu, increases monotonically with Re,.
The rate of increase in Nu, with Re, decreases with increase in Re,.

A.3  Further Analysis of the Test Results of the Pipe-Line Heater
In the pipe-line heater used in this system, the air is heated by flowing inside the

lines whose walls are kept at a nearly constant temperature. This situation is similar

N 6) VVTl:le matérial of the fube is copper (k=0.35 kW/(m-K)) and the thickness of the tube is 0.8 mm;
therefore, b/k is 2.3 x 1072 m2K/kW, which can be neglected in actual calculation of 1/A,.
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to that of a simple heater in which a fluid flowing inside a straight circular tube with
a constant wall temperature is heated.” Therefore, we reduce the result shown in
Fig. 11 in the similar way as is successfully taken in treating heat transfer in such a
heater [3, 5].

The rise in the fluid temperature through the heater is converted into so called the
Colburn j factor for heat transfer; and this factor is expressed as a function of the
Reynolds number of the fluid flow. The Colburn j factor, here denoted by j, is de-
fined by

0.14 0.14
j:StfPer/a(ﬁt) :NufRef—lprf—wa(-ﬁ&) , (A.9)
My My

where St; is the Stanton number (=Nu;Re;'Pr;~"), Nu, the Nusselt number, Pr;
the Prandtl number, and u the kinematic viscosity of the fluid; the subscripts b and o
mean that the kinematic viscosity is evaluated at the bulk temperature and at the wall
temperature, respectively. As the temperature difference, necessary for calculation
of the heat-transfer coefficient on which the Nusselt number is evaluated, we take the
logarithmic mean temperature difference

— [(Tsl_Tfl)_“(Tsz_sz)] .
N In [(Tsl_Tfl)/(Tsz_ sz)] ’ (A'IO)

where T is the temperature of the fluid, and T, the wall; the subscripts 1 and 2 indi-
cate the temperature at the inlet and at the outlet of the heater, respectively. There-
with, the j factor is expressed more specifically as

’—,,Ifzf]jfl,, D, )(/‘bcpb>2/3<ﬁ_>o.u .
7= (Ts—Toin <4Lp ky Uy, : (A.11)

In this expression, c,, and k, are the specific heat at constant pressure and the ther-
mal conductivity of the fluid (both evaluated at the bulk temperature), respectively;
D, is the (inside) diameter and L, the length of the tube.

Our experimental results (Fig. 11) rearranged in this way are shown in Fig. 15.
Here, the bulk temperature (the temperature at which u,, c,p,, and k, are evaluated)
is taken (Z¢+T%:)/2; the wall temperature is taken the set pipe-wall temperature
(T,=T,, in this heater). The Reynolds number Re; is given by D G¢/u,, G¢ being
the mass velocity of the air flow; D, is 0.0807 m, and L, 7.26 m (L,/D,=90.0). It
is seen in Fig. 15 that the differences in the set pipe-wall temperatures are cancelled
and the j factor varies simply as a function of Re;. We see that this way of data re-
duction is effective here. The j factor first decreases with Re;, then increases slightly,
and finally again decreases.

In Fig. 15 is drawn a line evaluated by the following, widely accepted relations pro-
posed for heating (cooling) of a fluid flowing in a circular tube with a constant wall-
temperature:

j=1.86Re,*/%(D,/L,)*'* (Sieder and Tate [3]) for Re;< 2,200, (A.12)
—0.116(Re;**—125)Re;'[1+(D,/L,)**] (Hausen [5]) (A.13)

(Ts"_Tf)ln

7) The differences are that, in the present heater, the line does not simply consist of a circular tube
(it contains valves) and is not throughout straight (it contains some right-angled bends).

This document is provided by JAXA.



A Variably-Humidified Air Flow Supplying System 65
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FiG. 15. The Colburn j factor for heat transfer as a function of the Reynolds
number of the air flow.

for 2,200 < Re; < 9,800,
=0.026Re;°* (Sieder and Tate [3]) for Re;>9,800. (A.14)

We see that the experimental variation of the j factor with Re; is generally akin to
the variation of the line; especially, for Re;<2,200 the experimental points lie close
to the line. For Re;>2,200 the experimental j factors are smaller than those of the
line. Perhaps this is because in our experiment the wall temperature is, on the aver-
age, smaller than the ser pipe-wall temperature. In fact, the lines are rather coarsely
wound by the electric resistors.
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NOTATION

The section and the equation to be referred to are given in brackets. The unit in
SI is added for information.
A heat-transfer area of cooler [§A.2, Eq. (A.3)], m?
a constant appearing in the expression of 4, [§A.2, Egs. (A.6) and (A.7)],
J/(m?-kg-8-5°2-K) (=kg’-2s 22K ~ Y
b thickness of cooling tube [§A.2, Egs. (A.5) and (A.6)], m
¢ specific heat of cooling water [§A.2, Eq. (A.2)], J/(kg-K) (=m?s 2K™*)
specific heat at constant pressure of fluid evaluated at the bulk tem-
perature [§A.3, Eq. (A.11)], J/(kg:-K) (=m?2K™1)
D inside diameter of pipe [Table 5], m
D, inside diameter of tube [§A.3, Eqgs. (A.11)~(A.13)], m
< representative diffusivity [§3.3, Eq. (2)], m?¥/s
d diameter of orifice [Table 5], m
G, mass velocity of fluid [§A.3], kg/(m?-s)
h, heat-transfer coefficient for air side [§A.2, Eqgs. (A.5) and (A.6)],
W/(m*-K) (=kg-s7°K™")
h, heat-transfer coefficient for water side [§A.2, Eq. (A.5)], W/(m?-K)
(=kg"s™K™)
j Colburn j factor [§A.3, Egs. (A.9), (A.11)~(A.14)], nondimensional
k thermal conductivity of cooling-tube material [§A.2, Egs. (A.5) and
(A.6)], W/(m-K) (=m-kg-s*K™1)
k, thermal conductivity of humid air [§A.2], W/(m-K) (=m-kg-s3K™)
k, thermal conductivity of fluid evaluated at the bulk temperature [§A.3,
Eq. (A.11)], W/(m-K) (=m-kg-s7*K™)
length of tube [§A.3, Egs. (A.11)~(A.13)], m
I, representative length [§A.2, Eq. (A.8)], m
I, representative length [§3.3, Eq. (2)], m
M, mass flow-rate of humid air [§A.2, Eq. (A.8)], kg/s
M, mass flow-rate of air entering humidifying tower [§3.3, Eq. (2)], kg/s
Nu, Nusselt number of humid air [§A.2], nondimensional
Nu; Nusselt number of fluid [§A.3, Eq. (A.9)], nondimensional
P; total pressure of humid air before expansion [§3.2, Eq. (1)], Pa
(=m-tkgs~?)
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total pressure of humid air after expansion [§3.2, Eq. (1)], Pa
(=m7'kg-s™?)

water-vapor partial pressure of humid air after expansion [§3.2, Eq.
(D], Pa (=m~'kg-s™?)

total pressure of gas before expansion [§A.1, Eq. (A.1)], Pa
(=m7'kg-s™?)

total pressure of gas after expansion [§A.1, Eq. (A.1)], Pa (=m™'kg-s™*)
water-vapor partial pressure of gas before expansion [§A.1, Eq. (A.1)],
Pa (=m™'kg-s7%)

water-vapor partial pressure of gas after expansion [§A.1, Eq. (A.1)],
Pa (=m~'kg-s™?)

Prandtl number of fluid [§A.3, Eq. (A.9)], nondimensional

heat loss of humid air [§A.2, Egs. (A.2) and (A.3)], W (=m3kg-s™?)
Reynolds number of humid air [§A.2, Eq. (A.8)], nondimensional
Reynolds number of fluid [§A.3, Egs. (A.9), (A.12)~(A.14)], nondi-
mensional

cross-sectional area of air-passage in cooler [§A.2, Eq. (A.8)], m®
cross-sectional area of humidifying tower [§3.3, Eq. (2)], m®

Stanton number of fluid [§A.3, Eq. (A.9)], nondimensional
temperature of humid air at the inlet of cooler [§A.2, Eq. (A.4)], K
temperature of humid air at the outlet of cooler [§A.2, Eq. (A.4)], K
temperature of fluid at the inlet of heater [§A.3, Egs. (A.10) and
(A.11D], K

temperature of fluid at the outlet of heater [§A.3, Eqs. (A.10) and
(A.11)], K

wall temperature at the inlet of heater [§A.3, Eq. (A.10)], K

wall temperature at the outlet of heater [§A.3, Eq. (A.10)], K
temperature of cooling water at the inlet of cooler [§A.2, Eqgs. (A.2)
and (A.4)], K

temperature of cooling water at the outlet of cooler [§A.2, Eqs. (A.2)
and (A.4)], K

mean temperature difference [§A.2, Egs. (A.3) and (A.4)], K

mean temperature difference [§A.3, Egs. (A.10) and (A.11)], K

overall heat-transfer coefficient [§A.2, Egs. (A.3), (A.5)~(A.7)],
W/(m?-K) (=kg-s7*K™)

mass flow-rate of cooling water [§A.2, Eq. (A.2)], kg/s

nondimensional residence time [§3.3, Eq. (2)], nondimensional
diameter ratio [Table 5], nondimensional

kinematic viscosity of humid air [§A.2, Eq. (A.8)], Pa-s (=m™'kg-s™?)
kinematic viscosity of fluid evaluated at the bulk temperature [§A.3,
Egs. (A.9) and (A.11)}, Pa-s (=m™'kg-s™*)

kinematic viscosity of fluid evaluated at the wall temperature [§A.3,
Egs. (A.9) and (A.11)], Pa‘s (=m~* kg-s™?)

density of air in humidifying tower [§3.3, Eq. (2)], kg/m®
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