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SUMMARY

Nitrogen and Hydrogen were passed through a pack of heated porous
metal discs to obtain temperature distribution as & funection of (1) mass
flows and (2) temperatures at which metal was heated, An effort wss
mede to obtain heat transfer per unit volume of porous metal as a
funetion of (1} mass flows and (2) temperatures at which the metal
wa.s heated., By varying inlet gas preésures at various metesl tempere~
tures the effect of temperature on pressure drop was determined.

The results show that a cool gas flowing through a heated porous
metal very gquickly assumes the temperature of the metal., Heat trans-
fer appears to inereease linearly with mass flow up to a certain point
above which the results were inconclusive, The varistion of mass
flow with pressure drop was determined to be linear fér low pressure

drop and to increase at a greater rate for higher pressure drops.
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INTRODUCTION

This sbtudy was prompted by the desire to learn the effects of
passing & cold gas through a uniformly healted porous metal, namely,
the tempersature distribution of the gas as & function of mass flow and
as a function of the difference between one incoming gas temperature
and various temperatures et which the metal was heated., In the in-
vestigation, however, it was realized that since the source of heat
was external it was necessary that heat flow from the perimeter of the
specimens radially inward which caused a temperature variation acrcss
the dismeter of the specimens. This variation produced an effect in
the measured results,

The investigation es carried cut was very preliminary in nature
due to the limitations of the equipment, It is believed, however,
that this investigation provided both useful information and a stepping

off place for further investigation of this importent problem.



DESCRIPTION CF APPARATUS AND TEST PROCEDURE

The following listed items of equipment comprised the apparatus:

Noe

10

10

Item

40% porcus stainless steel circular discs of 3/4" diamete
and 1/10" thickness.

Brass rings, 3/10" thickness, 3/4" immer dismeter, and
2" outer diameter,

Garglock gaskets cut to seme diameters as brass rings.

Iron~constanten thermocouples with glass insuletion lead
wires.

Stainless steel tube, 2-1/2" diameter, 8" in length,

Steel tube, outer diameter 2-1/4", inner dismeter 1-3/4",
length 11",

Steel tube, outer diemeter 2-1/4", inner diameter 1-3/4",
length 20",

3/8" standard black pipe 16-1/2" long.
3/8" stendard black pipe 30" long.
Pressure regulator.

Pressure gage.

Furnace, 3.4 K.W., combustion tube type.
Flow metef, volumetric type.

Mioromex complete with thermocouple.
Selector switch, 11 pt.
Potentiometer, Leeds and Northrup.

Steel disecs, 3/8™ thickness, oubter diameter 2", inner
diameter tapped for 3/8" pipe threads.

Barrier strips, 8 pt.

r



Se

DESCRIPTION OF APPARATUS

The apparatus consisted of the above listed equipment so assembled
to permit the flow of nitrogen and hydrogen gases through a pack of
heated porous metal specimens and the recording of the required dats,
The bress rings (item No, 5, Fig, 25) were shrunk over the metal
specimens (item No. 7, Fig. 25) to effect firm mountings for the
specimens, to insure a ready heat flow tec the specimens and to prevent
g gas leskage between the rings and specimens. Eleven thermocouples
were mounted in the garlock gaskets by spreading the gasket materisl
apert and inserting the thermocouples radially through the opening
(Fig. 29). This was found to be necessary in order to insure the
correct positioning of the thermocouple beads and to prevent the
thermocouple leads from causing a ges leakage. The rings were placed
face to face with three gaskets on each side of each ring*(one gasket
on either side of the center gasket holding the thermocouple)(Fig. 25).
A thermocouple wes mounted in easch of two metal specimens (the first
end second specimens from the gas inlet end) (Figs. 25 and 29). All
thermocouple leads were placed in & groove cut longitudinally slong
the outer side of the cylindrical pack and lead out on the gas outlet
end (Fig., 28). The pack was then inserted in the stainless steel
tube (item No. 4, Figure 25)., Steel discs (item No. 3, Fig, 25)

(of same dismeter as brass rings) intc which the 3/8" black pipes
were threaded were then inserted at either end of the tube., The

threaded steel tubes (items Nos. 1 and 10, Fig. 25) were then tightly



screwed into either end of the stainless steel tube, their ends
butting ageinst the outer faces of the steel discs. OSufficient
compression of the brass rings wes accomplished in this design to
prevent gas lsakage to at least 100 psi gas pressure., This unit

made up of the three sections of tubing was then placed in the furnsce
as shown by vhotographs.

The gas was introduced into the spparstus from a standard 28500
psi bottle, through a pressure regulateor valve and a cooling coil
(Pig. 24)., Recorded pressures of the incoming geas were read from a
sensitive gage mounted at. the end of the 3/8" pipe leeding into the
pack, The gas discherged from the pack through the 3/8" pipe mounted
on the outgoing end of the pack into another cooling coil, and from
there to the flow meter.

The thermocouple leads were lead through the clearance between
the steel tube and the 3/8" pipe on the outgoing end to barrier
strips mounted on the outer end of the 3/8” pipe. Leads from the
eleven point selector switch were comnected to the barrier strips
and to the potentiometer permitting the ready sampling of ges and
metel temperatures,

The furneace temperatureXés controlled by & micromax, The thermo-
couple indiceting the furnece tempersture to the micromax wes inserted
between the outgoing steel tube and the outgoing 3/8" pipe, and butﬁed
against the steel disc which was located approximately in the center
of the furnace, Furnace temperatures recorded im results were in-

dicated by this thermccouple.



PROCEDURE

411 data recorded were under conditions of egquilibrium. The
procedure, therefore, was to heat the pack in the furnace %o the
desired temperature while the gas wes flowing at the desired rate and
adjust the power input to the furnace (by a rheostet control) to main-
tain equilibrium conditions, Because of the long time required to change
the temperature of the pack in the furnace all flow rates for one
gas were taken at one furnace temperature before changing the furnace
temperatures,

Because of the variable flow of heat from the pack along the
entry pipe it was impractical to keep the gas inlet temperature
constant for all furnacse temperatures and rates of flow., MNeans of
cooling by immersing the inlet cooling coils in COZ ice and blowing
cold gas over the entry pipe were employed. Thess methods, however,
proved inadequate with the apparatus used,

The heated gas discharged from the pack was cooled in a coil
immersed in a container of weter. Cooling wes necessary due to
temperature restrictions on the gas flow meter. The temperature of
the gas entering the flow meter was the same as that of the cooling

weber,



DISCUSSION

In an effort to compare gas and metal temperatures & thermo-
couple wes imbedded in each of the first two specimens from the inlet
end of the pack. Temperatures indicated by these thermocouples
were found to differ a small amount from the temperstures indicated
by the thermocouples in the gas stream emerging from the specimens.
These temperature differences were not determined precisely, but it
wes concluded that the gas temperature was of the order of from one
to ten degreés lower than the metal temperature, depending, of carss,
on the rate of mass flow.

By varying the mass flow at constant furnace temperatures,
relative temperature distributions were determined (Figs. 1 to 8).

At low mass flows the btemperatures of the gasss were found to in=-
crease rapidly in the first few specimens and then inerease at a
slower and slower rate as the gas bempsrature approached that of
the furnece. At higher mass flows the ges temperatures were found
to approach the furnace temperaturss at a more nearly linear rate,
Final gas temperatures were higher for lower mass flows,

Two gases, nitrogen and hydrogen, were flowed through the heatsd
porous metal pack to obtain comparative data on mass flow, bemperature
distribution, and heat transfer, for consbant pressure drops and con-
stent furnace temperatures. It was found that mess flows were approxi=-
metely proportional to the molecular weights of the two gases.
Temperature distributions for the two gases were found to be similar.
Due to the limitations of the apparatus used the heat transfer data

obtained were not adequate to make conclusive comparisons.



The external heating resulted in temperature variations dia-
metfi;ally across the specimens. Since the ges temperatures were
teken at the center of the stream they were lower than average gas
temperatures over a cross-section, This effect gave temperature
gradient curves with less slops than would have been obtained with
more nearly uniform heating.

An effort was made to debermine the wvariation of heat transfer
with mass flow at constant furnace temperatures. Heat transfer
eppeared to increase linsarly with mass flow up to a certain peint

above which the results were not conclusive (Figs. 22 and 23).
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Thermocouple
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Thermocoupls

V]

2m

Gas Inlet
™ ( £
Pressure (psi)

Flow Rate
(Sec/0.1 £t2)

Furnace
Temp. {(°F)

Gas Outlet
Temp. (°C)

Mass Flow
(1b/in%-sec) x 107%

Furnace Tempsraturs = BOOOF

Nitrogen Gas

Millg-
volls Op
8, 69 258
13, 28 474
16. 3 572
18.3 637
19.5 675
21.15 687
20.5 709
21.9 755
22. 4 770
23.0 790
13.7 487
10
84.5
810
20.8
1.95

Milli-

volts  OF
4, 38 181
11.18 405
14,3 507
16,7 585
18,3 837
19.25 668
18,9 690
2l.4 738
22.1 760
22.8 784

11.68 422

20

40,8

800

Milii-
volts

4.42

5,86

534
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660

717

745

774

370

11,

Millie
volts oF
4,35 181
8. 80 321
11.57 413
13,6 484
15,08 832
15.4 575
17.5 811
18,5 677
20, & 709
21.6 745
8,71 325
40
15,1
800
22.3
10.2



The rmocouple
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Mass Flow
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volts  OF
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Milli=
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9,03 335
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16.GC 562

30

34,8

1000

4,69
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volts OF
8,09 05

13.91 494

16.7 585
19.5 876
21.4 738
22,9 787

26,05 887
286.9 915
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14.21 504
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Gas Inlet
Pressure (psi)

Furnece Temperature = 7Q0°F

Hydrogen Ges

Flow Rate lass Flow
(sec/1.0 ££°)  (1b/in%=sec) x 107

10

137 g, 06

" 68,2 16.2
43,4 25, 4
31 35.6
23.% 46.2

13.



Thermocouple

10

O
1M
2M

Gas Inlat
Pressure (psi)

Flow Rate i
(sec/1.0 £&°)

Furnace
Temp., (CF)

Gas Outlet
Temp, (©C)

Mass Flow

{ fe D - 5
{1v/in2=sec) x 107"

Furnscs Tempersture =

Hydrogen Gas

Milli-
volts o

3.70 160
8.2 245
7.12 273
8.1 308
8,88 324

10,24 375
10,88 386
10.8 393

5.83 254

1C

261.7

390

Milli=-
volts OF

2. 78 126
5, 27 212
5,89 252

8. 68 285

8.88 330
9.3 34%
9.65 355

5.16 209

18

5.81

40Q°F

7.91
8,41

8. 91

je
s ©OF
28
172
200
225
238
283
264
298
315
331
164
30
70
4£C0
13
17.0

Milli-
volts Op
1.1 70
3. 48 151
4,59 188
4,77 18658
5.1 206
5.4 210
5.85 223
&,96 262
T.45 284
7. 85 297
3.0 138

40

47

41¢C
20
25.2
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Thermocouple

b
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10
0
im

Gas Inlet
Pressure (psi)

Flew RaﬁeQ
(sec/1 £t°)

Furnace
Temp. (°F)

Gas Outlet
Temp. (°C)

Mass Flow
(1t/in2-sec) x 10-%

Furnece Temperasture

Millie
volt o
5,97 238
10,28 376
11,73 418
13.2 471
14,03 498
14.6 517
18,1 533
16,186 568
16,56 579
16,8 Bg2
10, €2 392
10
380
800
22
3. 27

Hydrogen Gas

Millie
volt op
3.34 148
8. 87 320
16,02 387
11.68 423
12.7% 485
13,64 485
14,3 507

16. 3 572
16,8 592

8,861 321

20

175

810

6.93

600

Milli-
volt
1.81
8,08
7.43
2.1
10,11
11.08

12,01

13,76
14,52
15,11

5,92

30

100

600

23

11.

238

283

337

76

Milli-
volt op
1.1 70
4,12 173
5. 62 228
8, 65 258
Te45 288
8.2 308
9,12 358
11.1 402
12,03 434
12.7 455
3:95 187
40
60
588
23
19,58
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Furnace Tempersture = 800CF

Hydrogen Gas

Thermocouple Milli- Milli- Milli- Milli-
volts OF  volts ©F  volts ©F  volts OF

1 10,60 283 5,7 225 5,13 140  1.89 08
2 15.79 555 12,46 447 1C.23 375 7,07 270
3 17.5 611 15,47 545 12,11 435 9,71 357
4 19.2 666 17.2 602 14.6 517 11.8 33
5 20.10 692 18,5 645 16.1 565 13,18 470
6 20.6 712 19,3 670 17.5 610 14,49 513
7 21.1 728 16.95 €90 18,5 645 1575 555
8
9 22,25 765 21,5 741 20,5 709 18,45 642
10 22.8 784 22.1 760 21.3 735 19.55 678
0 23.2 796 22.65 778 21.9 755 20.4 705
1M 16,3 572 12,28 475 10,11 370 7.2 278
2M
Gas Inlet
Pressure (psi) 10 20 &0 40
Flow Batbe
(sec/1.0 £t3) 462 224 123 77
Furnace
Temp. (°F) | 820 820 820 810
Gas Outlet
Temp. (°C) 24 24 24,5 24,5

Mass Flow '
(1b/in2-sec) x 10-5 2. 53 5. 55 9.46 15.1

[
o



Purnace Temperature = 1000

Hydrogen Gas

Thermocouple Milli- Milli= Milli- Milli=-
volts O yolts OF  wolts 9F  wvolhs  OF

1 13.4 477.5 8,12 339 5,11 206 2,9 132
2 16.7 650 19,4 673 15,45 545 10,53 385
3 20.8 718 21.8 750 16.5 645 14.63 518
4 20,1 760 23,7  81% 21.2 731 17.3 605
5 23,1 794 24,6 841 22,7 780 18.9 657
8 23.7 813 25,3 865 23,0 820 20.4 705
7 24,3 832 25,9 884 24,8 849 2.7 748
8
9 26,25 895 27.2 925 25,6 906 24.2 829
10 27.1 921 27.85 945 27.2 925 25.25 863
0 27.9 949 28,4 694 27,95 950 26.2 893
1m 19,3 670 18,7 683 15,58 549 11,14 405
Ges Inlet
Pressure (psi) 10 26 30 40
Flow Rete
(sec/1 £t°) 494, 6 264 153 91.5
Furnace
Temp. (OF) 1010 1000 1000 990

Gag Outlet
Temp. (°C) 26 25 25 25

Mass Flow
(1v/in2esec) . 1€~

(o]

2. 56 4.42 7. 59 1z2.72



Furnece Temperature = 1000°F

Thermocouple

10

0
1M
M

Gas Inlet
Pressure (psi)

Flow Hate ?
(sec/1.0 £t°)

Furnace
Temp. (°F)

Gas Cutlet
Temp. (°C)

Vess Flow
(1bs/in=-sec) x 10~

5

Hydrogen Gas

Mill
volt
1.89
6,34
11.34
12,82
14,07
15.45

16,88

fe

8

oF

87.5
247
410
449
500

545

690
74}
779

262

50

57

985

25. 5

0.4

Milli-
volts OF
1.72 94
5.49 219
11,61 420
12. 55 450
14,056 50C

15,47 5456

20,15 697
2.6 745

22.75 1782

80
45

1000

Milli-
volts

1.67

70

27

980

oF

90

181

282
306
330

361

481
507
671

170

27.5

42.9
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CONCLUSIONS

From the results obtained the following conclusions were made:

(1) A cool gas flowing into a heated porous metal very gquickly
assumes the temperature of the metal,

(2) Heat transfer appears to increase linearly with mass flow
up to 8 certain point above which the results were inconclusive,

(3) The variation of mess flow with pressure drop end tempera-
ture change wes found to agree with expectations, that is, due to
viscosity effects, increasing temperature decreased mass flow and
increasing pressure increased mass flow,

(4) External heating is unsatisfactory for obtaining the desired
results, It is believed that nearly ﬁniform heating can be achieved

by electrical resistance type heating (see Appendizx).
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Figure 26
Complete Assembly of Apparatus

Figure 27
Pack Assembly in Open Furnace
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Figure 28
Pack and Containing Tubes
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Figure 29
Breakdown of Pack
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Figure 30
Assembly of Resistance Heating Apparatus

Figure 31
Breakdown of Resistance Heating Assembly
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SAMPLE CALCULATIONS

Specific Heat {For hydrogen is 3.51 BTU/¥-1b)

Heat transfer per unit volume per unit time’(BTU/in3 -sec)
Heat transfer per unit time (BTU/sec)

Mass flow rate (1lbs/sec)

Mass flow rate per unit area (lbs/sec-id)

Pressure (1bs/in2)

Atmospheric pressure = 14,7 1bs/in?)

Temperature (degrees Xelvin)

Volumetric flow rate (cu.ft./sec)

Density of gas (For hydrogen is 0,00562 lbs/?t3 at standard
pressure and temperature)

Standard temperature = 273° Kelvin
Ares of cross section (ins.S)

thickness (in.)

Flow Cslculations

Example: Hydrogen Gas

€ = 0,00582 1bs/rt5
p = 14.7 1bs/in?
T =24+ 273 = 297°

v=_Ll_ fts/%ec

D = 0,75 in,

—— T e le o —



A= %%: (0.75)2 = 0,4415 in?

o = (0,00562)(273) (14.7)
(462)(,4415)(207)(14.7)

m = 2,53 x 105 1bs/sec-in2

(B) Heat Transfer Calculations:
Calculations for the heat transfer curves plotted in Figs. 22
and 23 were based upon the heat transferred by the fifth specimen

numbered from the inlet end.

fe
§

= uC, (To=14)

o/it = m Gy (Tg-Ti)
t

&£
i}

Exemple:
Hydrogen Gas

m = 7,59 x 1072 1bs/inf-ssc

C, = 8.51 BTU/1b = OF
T, = 820°F
- o
T, = 780°F
t = 0,1 inches
q = (7:59)(3.51)(820-780) x 1075
0.1
Q = 10,68 x 1072 BIU/in%-sec

43,



50‘

APPENDIX

Discussion of Efforts to Accomplish Uniform Heating

of a Specimen by Elsctrical Resistance Heating

It was determined that the gresatest shortcoming of the apparatus
ussed to make the subject study was the exbternal hesting, which departed
considerably from the desired uaiform heating.

Subsequent to most of the preparation of this report an effort
was mede to accomplish uniform heating by electrical resistance
heating., A 47% porous specimen containing 20% iron and 80% nickel
was prepared in a modifled dumbell shape (Fig. 31)., The center
section was solid end cylindrical, 1/2 inches in dismeter and 4
inches‘long. The ends were solid and cylindricel 3/4 inches in dia-
meter and each 1 inch long. In order to pass gas exially through
the specimen, copper bubing was fitted over and silver soldered to
the ends of the specimen. A flanged joint (Fig. 3) was placed in
each copper tube to permit the introduction of thermocouplss into the
incoming and outgeing gas stresams, The large specimen ends were
connected to the terminals of a variable power source having 100 kva
maximum available power. The gas was lead in and out through saran
tubing Yo provide electrical insulation., Approximetely 8 kva applied
at 25 volts and 320 ampheres was found to be adequate to heat the
center section of the specimen to a bright cherry red. It was
readily seen that while a gain had been made in the efforts to
accomplish uniform heating across the center section, the large ends

and the heavy copper terminals were drawing heat out of the ends of
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the center section causing them to be at a relatively low temperature
compared to the cherry red center. Rolling, polishing, and chromium
plating were each tried in separate attempts to make the specimen's
surface gas tight. Fach was found to be inadequate to prevent the
escape of gas radially. These complications led to discarding the
set-up es a means for making quantitetive observetions. Therefore,
no numerical data were recorded from the observations of this eguip-
ment.

It is believed that both of the before mentioned shorteomings
of this apparatus can be minimized or eliminated by the use of a
hollow cylinder., In this set-up & hollow cylinder would be heated
by electrical resistance heating while a gas introduced from the open
ends is flowed radially outward and sampled to determine ftempe ratures.
The problem of sealing the specimen surface would be eliminated,
It is believed that if the tube is mads long relative to its metal
eross sectional ares the flow of heat into the ends and power bter-
minals would be minimized and a ressonable degrse of uniform heating
would be mccomplished. By using a thickness which was small compared
to the lsngth of the solid dumbell specimen, described above, a

relatively large mass flow could be realized.



