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ABSTRACT

ITS

AND THERMAL CHARACTERISTICS OF HYDROGEN NEAR

CRITICAL POINT IN A HEATED CYLINDRICAL TUBE

Mahlon Tayloe Wilson, Ph.D.

Department of Mechanical Engineering

The University of New Mexico, 1969

The purpose of

the flow conditions

critical point in a

tiis investigation was to determine

and mechanism of hydrogen near its

heated cylindrical tube. The experi-

mental apparatus consisted of a 1.376 inch inside diameter,

180 inch long, electrically heated vertical tube. Thermo-

couples and potential taps were located along the tube.

An instrumented probe traversed the tube near the exit

end. The probe carried a pitot”t~e, a thermopile, and a

hot wire anemometer sensor. Dynamic pressure, tmperatwe,

and hot wire anemometer bridge average and RMS voltages

were measured as a function of test section radius. The

data was represented by empirical equations. A special

boiling number was found to

temperature differences for

be effective in correlating

pressures greater than the

critical pressure. Correlations were also obtained as a
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function of reduced pseudocritical temperatures. With

pseudocritical temperatures slightly less than one,

dynamic pressure, temperature, and average hot wire

current were more nearly constant with respect to

radius than at other temperatures. “M” shaped velocity

profiles were observed a.tpseudocritical temperatures

above one. The experimental tests produced conditions

at the probe

frcm 0.66 to

in which the reduced temperature ranged

1.22, the reduced pressure varied from

“

1.003 to 1.351, and the Reynolds number was from

4.0 X 105 to 3.2 X 106.
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1. INTRODUCTION

&.1 Motivation

Cryogenic fluids are widely used in manufacturing, en-

vironmental

and nuclear

often bring

conditioning, and as propellants for chemical

propulsion systems. Customary uses of cryogens

them near their critical states. The properties

of any fluid in the vicinity of the critical state vary

appreciably and for this reason it has been difficult to

correlate forced convection heat transfer data. There was

a need for experimental investigation of the details of the

flow to improve correlations. Hydrogen was chosen as the

test fluid since it was important as a propellant and cryo-

genic experimental facilities were available. The near

critical properties of hydrogen were better known than those

for any other fluid and ccanputer codes were available to

represent them. Hydrogen also has an experimentally con-

venient critical point.

>-2 PurBose

The purpose of this investigation was to determine

temperature and flow characteristics of parahydrogen near

its critical point during forced convection heating in a

vertical cylindrical tube.

1
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1.3 Scope of Investigation

The test section was a vertical 1.376 inch inside diam-

eter tube tha,twas 180 inches long with a movable instru-

mented probe for measuring temperature, dynamic pressure,

and hot wire voltages as a function of radius near the exit

of the tube. This data was represented by empirical equa-

tions. Parameters of the empirical equations were correlat-

ed as a function of a reduced pseudocritical temperature

and a special boiling number. The data of one hundred

forty two runs was analyzed. The runs represent conditions

at the probe in which the reduced temperatures ranged fran

0.66 to 1.22, reduced pressures varied from 1.003 to 1.351,

5
and the Reynolds numbers varied from 4.0 x 10 to 3.2 X 106.

.

“

.

.
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2. REVIEW

2.1 Introduction

The references that were useful in this investigation

are reviewed in the following sections. Details of the ref-

erences are reproduced in later sections when needed.

2.2 Hvdroqen Properties

Hydrogen properties were obtained from references

[3, 1969], [4, 1965], [6,1966], [12, 1961], [14, 1959],

and [20, 1962].* The quasi-two phase properties of hydro-

gen were obtained from reference C19, 1966].

2.3 Flow and Heat Transfer

The theory and use of similitude was guided by refer-

ences [16, 1969] and [17, 1967]. The theory of fluid me-

chanics utilized reference [15, 1963]. No references were

found with successful correlations of flow or heat transfer

data near the critical point. A large amount of data on

hydrogen heat transfer was compiled to support the develop-

ment of rocket engines [6, 1966].

* Numbers in brackets [ ] are reference numbers and dates.

3



Axial wall temperature maximums were

attributed to an effect of the bulk fluid

ing a pseudocritical value [6, 1966] [21,

reported and were

temperature reach-

1963].

Velocity and ttiperature distributions for air flowing

within heated tubes

rate investigations

anemometer for both

were available. One of the most accu-

employed a constant current hot wire

velocity and temperature measurements

[18, 1958]. The temperature of the tube wall was uniform

at 15 to 20°R above the entering air temperature.

physical properties of air were

couple and pitot tube traverses

assumed constant.

of mercury flowing

The

Thermo-

through

a heated

critical

velocity

tube were made by Brown Cl, 1957]. The only near

heat transfer investigation, that included radial

and temperature profiles, utilized carbon dioxide

[21, 1963]. A pitot-static probe was used to measure dy-

namic pressure. The apparatus was then disassembled, and

the pitot-static probe was replaced by a thermocouple

probe. Flat temperature profiles and “M” shaped velocity

profiles were observed. No attempt was made to represent

the profiles by empirical equations or to correlate their

shapes with test conditions.

.

.

.

.



2.4 Instrument-

The interpretation of temperature sensors was aided by

the follcnringreferences [2, 1960], [9, 1960], [10, 1961],

and [11, 1962]. In the design

sure sensors, information from

in calculating response times.

of the tubing to the pres-

reference [7, 1950] was used

The use of water in cali-

brating the turbine flowmeter was justified in reference

[5, 19591. Information from reference [8, 1942] was used

in the analysis of the heat leaks into the test section.

The contraction coefficient of an abrupt change in flow

cross section was obtained from reference [13, 1950].



3. THEORY

3.1 Introduct~

The purpose of this chapter is to present the princi-

pal equations, the near critical properties of hydrogen,

and to derive reference similarity numbers for correlating

data.

3.2 Principal Eauations

The principal equations are those

motion, energy, and state [15, 1963].

P,t+ (pVi),i = o

Dvi
‘=bi-p,i+

p Dt

+

P(~+v~)=it

of continuity,

They are:

[(q+)‘,8J‘i

[(pv. +v. )1J,i l,j ‘j

+

+

+

+

8

%’* + bivi
1,1

()~2’”
- 3P ‘i,ivj,j

(’w‘j,i “)+ ‘i,j ‘j,i

‘~[(~‘$’) ‘-j,j ]$i

[(‘j V ‘j8i )1+ ‘itj ‘i

(1)

(2)

(3)

.

.

.

e
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A

where:

(4)

(

(

b=

h=

P=

qi =

t=

T =

u. =
1

v, =
1

x. =
1

T =

v =

P =

),=8*

)‘t =

specific body force per unit volwne

specific enthalpy per unit mass

pressure

heat flux per unit time and area ai

time

temperature

h, C k, P, P
P’

velocity component in the xi direction

cartesian coordinate

bulk viscosity

shearing viscosity

density

derivative with respect to x.
1

derivative with respect to time

In converting equations (1) through (4) to a non-

dimensional form, the symbols

variables without a.subscript

of the new dimensionless

“o“ axe the same as those

of the corresponding variable. Neglecting body

bulk viscosity, the nondimensional equations of

motion, energy, and state are:

forces and

continuity,

7



P,t+ (pVi),i =’o

~%i=. N
{

A ‘~ ‘pvj, j)8-Dt PO “i + N
Ro 1

+~(v. +V. .),.
],i l,] g

/

Nhop $ + +$ =N ~ p,t -Nq.
qo L,i

/[

+A.:wv

1

+ vi (pv:l~),i
‘Ro i,ivj,j 8

+ W(V.
],i

+ vi j) Vj,i
?

+ v.
3 [ 1}

pl (v. + v. .) ,i
g,i 1,3

u. = fi (p/T)1

where:

P.
N =—
po PV2

00

‘Ro = V.

.3
‘ho ~ 2

0

%

N =—
w p0V03

(5)

(6)

(7)

(8)

(9)

(lo)

(11)

(12)

.

.

.

.



No’s are reference similarity numbers in terms of dimen-

sional reference variables. An analytical solution of

these equations was not attempted, however, they were

useful as a guide in planning the investigation and inter-

preting the data,.

3.3 Hvdrocxen Pro~ertieq

The diatomic hydrogen

and para forms.

same direction.

The ortho

molecule H has allotropic ortho
2

form has nuclear spins in the

The para form has nuclear spins in the op-

posite direction. In certain temperature ranges there is

a large difference between the specific heats and thermal

conductivities of the

perature, equilibrium

and 25 percent para.

sists of 0.21 percent

[14,19591.

ortho and para forms. At room tem-

hydrogen consists of 75 percent ortho

At 36° R, equilibrium hydrogen con-

ortho and 99.79 percent para

The hydrogen used in the tests was parahydrogen. The

room temperature cover gas did not mix with the parahy-

drogen in the dewar as evidenced by a constant hydrogen

temperature entering the test section.

Two similar Fortran IV codes exist for the numerical

determination of eight properties of parahydrogen

[4, 1965]. Properties from these codes are presented in

9



Figures 1 through 4. The TABTP code has temperature and

pressure as inputs and covers tie temperature range from

36 to 5000 degrees Rankine. The TABHP code has enthalpy

and pressure as inputs and covers the enthalpy range from

-115 to 20,000 Btu/pound. The maximum deviation of prop-

erties of the code from the source data is usually less

than one percent. However, in the critical region, the

deviations are as high as 2.5 percent in temperature, 2.1

percent in enthal~, 3.0 percent in densi~, 1.2 percent

in viscosity, and 3.7 percent in thermal conductivity.

The deviations in specific heat are less than 6.5 percent

except that values in the vicinity of the peak are only

approximate representations of the source data. Recently

reported thermal conductivities have a sharp peak within

one degree of the critical point that is not represented

by the codes [3, 1969].

Reduced pressure is defined as the system pressure

divided by the pressure of the critical point which is

187.7 psia. Two bases were used for nondimensionalizing

temperatures. Reduced temperature is the bulk temperature

divided by

59.37° R.

temperature

the temperature of the critical point which is

Reduced pseudocritical tauperature is the bulk

divided by the pseudocritical

10

temperature.

.

.
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The pseudocritical temperature is defined as that tempera-

ture at which the specific heat is a maximum with respect

to temperature at a constant pressure. The pseudocritical

temperature as a function of pressure is a continuation of

the saturated vapor line.

Thurston defined quasi-two phase properties of hy-

drogen to extend the concept of boiling into the super-

critical pressure region [19, 1966]. He observed the shape

of enthalpy versus temperature at constant pressures and

approximated them witi a quasi-vaporization process. The

quasi-vaporization temperature equaled the pseudocritical

temperature. The quasi-saturated liquid and vapor values

were obtained by extrapolating parts of the enthalpy-

temperature curves that were outside of the influence of

the critical point. The quasi-saturated liquid phase was

called the dense phase. The quasi-saturated vapor phase

was called the light phase. The difference in enthalpies

of the dense and light phases was equivalent to the en-

thalpy of vaporization. The extrapolation procedure and

the phases are indicated in Figure 5. The following equa-

tions were derived from the curves presented by Thurston.

The pseudocritical temperatures for pressures below 250

psia were

15
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.

.

T = 52.1 - O.OOO273(P-1OO) 1“9 + O.O998(P-1OO) (13)
P

where p = pressure in psia.

The dense phase enthalpy was

%=-
22.5 + 0.275 (P-200)

The equivalent enthalpy of vaporization was

(14)

% -%) = 102”0- 0“425(p200)
where h = enthalpy in Btu/pound.

(15)

3.4 Sin&litudq

3.4.1 System Specifications. The system is illus-

trated in Figure 6.

Figure 6. Specification of the System
.
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The specitied variables of the system and their dimensions

are:

‘1 =

vi(r) =

‘1 =

‘1 =
=pl =

q=

m=

u=
i

T=
c

a =

?Lhc=‘D

inlet

inlet

inlet

inlet

inlet

inlet

inlet

-1 -2
pressure, ML T

bulk temperature, 0

velocity as a function of radius, LT-1

density, ~
-3

-3 -1thermal conductivity, MLT e
2 -2e-lspecific heat, L T

-1 -1
viscosity, ML T

inside radius of the test section, L

heat rate per unit area, MT-3

-1mass flow rate, MT

f(p,T) equation of state of hydrogen

critical temperature, e

nR2 2cross section area of test section, L

light and dense phase enthalpies per unit

2 -2
mass, L T

3.4.2 Problem. The problem was to determine func-

tions for the following dependent variables:

T2 =

A~r) =

‘2-hi =

exit bulb fluid temperature, 8

dynamic pressure as a function of radius at the

test section exit, ML-lT-2

2 -2enthalpy increase from inlet to outlet, L T

.

.

.

.
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e(r) = temperature difference as a function of radius

at the test section exit, 9

3.4.3 Principles. From [17, 1967], the principles of

similarity are

Nm=N
Op

nu (~i,T)m = nu (~i,T)p

where:

N
o

u

n

Xi

T

nu(xi,T)m

( )m

( )P

3.4.4

identified

reference stiilarity number

dimensional variable

nondimensional

nondimensional

nondimensional

variable

coordinate

time

nu(XitT) includes
P

model

prototype

geometrical

(16)

(17)

requirements

Analysis. Reference dimensional vari&les are

by a subscript “o”. From sections 3.4.1 and

3.4.2, they are:

x =R,P
o 0 = P1/ P. = pl, To = T=, k. = kl

cpo = Cpl’ ‘o = ‘1’ qo = “ ‘o = m

v = mo/poac, ho = ~ - ~
o

e = a temperature difference
o

From sections 3.4.1 and 3.4.2, by dimensional analysis,

19



reference similarity numbers of the system are:

N .&
po ~v2

00

N=
Ro P.

N .s2%
B(j moho

N .X&M2
Pro k.

N I&2
TO= qx

00

=
’00= q%

00

pressure number

Reynolds number

boiling number

Prandtl number

temperature

temperature

(18)

(19)

number

difference number (23)

(20)

(21)

(22)

were as = 2nRL. Similarity numbers (18), (19), and (20)

were involved in equations (6) and (7) of Section 3.2.

Similarity numbers (20), (21), (22), and

frm boundary conditions.

From Section 3.4.3 tie requirements

Nm=N
Op

‘%l)m = (~l)p

(npl)m = (n )pl p

(23) resulted

of similarity are:

(24)

(25)

(26)

.

.

.

.

20



‘v~(nr)~= ‘~l(nr)p

(n )‘ui p’% m = ‘ui (np,~)p

and geometrical similarity.

Where:

%1
= T1/To

‘pl = P1/Po

n =v/v
V1 10

n = r/R
r

n = ui/u
ui o

U.=c k, w, h,1 P’

From equation (28),

(27)

(28)

(29)

(30)

Combining (29) and (30) and multiplying by the mass flow

Since Q = qoas, equation (20) becomes

(31)

(32)

21



Subtraction of (31) from

that was first suggested

(32) results in a boiling number

by Skoglund [16, 19691.

Q - m (hm - h.)
lJ J.

‘Sk = m(~-~)
(33)

.

The

for

numerator of this equation is the heat rate available

quasi-vaporization. The denominator is the heat re-

quired for complete quasi-vaporization.
‘en ‘Sk

is greater

than zero quasi-vaporization occurs. Frcm (31) and (32),

a requirement of similarity is that

(Nsk) m = (N~k) ~

From Section 3.4.3 the results of similarity are:

(he) .(ha~‘,
m

P

)
P

where 0 is any temperature difference

22
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(35)

.

(38)

at x = L.



3.5 Precision of Empirical Eauations

Data acquired from the probe instrumentation was rep-

resented by empirical equations as a function fl (r). The

square

points

.L

of the standard deviation of fin from a set of data

Yin (rn) is

S2
N

L x (fin - yin)2i = N n=l

where:

N=

Y. =m

(39)

number of data

measured value

r
n

points of the set

of the variable i at the radius

empirical value at r
n

The data was divided into ten zones each of which contained

equal numbers of

ically averaged,

of the empirical

defined as

data. The data within a,zone was numer-

and the square of the standard deviation

equation from the means of the zones was

where:

(40)

q = average value of the data in the j-th zone

23



f =
ij

The square

value of tipirical equation at the radius of

the midpoint of the j-th zone

of the adjusted standard deviation of the empir-

ical equation from the means of the zones was

This standard deviation is approximately

percent error.

The zone having

(41)

equivalent to a

The zones were numbered from one to ten.

the largest adjusted deviation

(42)

.

.

was identified by zone number L.

.
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4. APPARTUS

4.1 Introduction

This chapter describes the experimental

The flow system is illustrated in Figure 7.

apparatus.

The high

pressure dewar was filled fran a liquid hydrogen storage

dewar. Hydrogen gas was used to pressurize the dewar to

force its contents through a metering and valving section

to the inlet plenum. The inlet plenum directed the hydrogen

into the electrically heated test section. A movable probe

was located within and near the exit end of the test sec-

tion. The system pressure was adjusted by throttling the

flow with a valve on the exit of the test section. A

vacuum jacket incased the test section and the piping that

connected it to the

the apparatus. The

vertical portion of

dewar. Figure 8 is a photograph of

test section was mounted within the

the vacuum jacket. Instrumentation

and control leads were routed from the apparatus to a

control room within the adjoining building.

4.2 Hvdroaen SUDDlV Svstem

The system which supplied

tion consisted of a 132-gallon

hydrogen to the test sec-

high pressure dewar, meters,

and valves. DeWar pressure was measured by a Statham
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Model PA-707-TC temperature

ducer. A one inch diameter

compensated pressure trans-

Cox Model S-20-MB turbine flw

transducer measured volume flow rate. The turbine trans-

ducer pulses were counted on a Hewlett-Packard Model 521Z

electronic counter. A Hewlett-Packard Model HO-3571B clock

and Model 562A printer provided a printed tape record. A

Hewlett-Packard Model 580A digital-to-analog converter

integrated the

signal for the

digital counter

data recorder.

output to provide an analog

An An.nin Model 24760 hydrau-

lic, servo-controlled valve,regulated the fluid flow. This

valve could be controlled by the turbine flaw transducer or

set to a fixed opening.

The tubing for the flow system was one inch nominal

outside diameter stainless steel with a wall thickness of

0.035 inches. Electrical insulation was provided by a

conical faced SSP Fittings Corporation union that was coat-

ed on the mating surfaces with a fired-on

Preliminary experiments with this type of

that it would leak during rapid cooling.

glass enamel.

union indicated

For this reason,

a form-fitting copper container was installed around the

union. Liquid nitrogen injected into the container prior

to experimental runs precooled the union sufficiently to

.

.

prevent leakage. The union was monitored with a sensitive
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voltage measuring meter which would shut off the heating

power supply in case of electrical insulation failure.

The inlet plenum is shown in Figure 9. It was fabri-

cated from one-eight inch thick 347 stainless steel tubing

with an inside diameter of 2.75 inches and length of 22.5

inches. The fluid entered from the bottom through a one

inch diameter sharp edged orifice. A thirty mesh stainless

steel screen was mounted across the plenum at a distance of

six inches from the inlet and a second identical screen was

mounted at ten inches. A Rosemount Model 179-A1OF plati-

num resistance thermometer was mounted midway between the

screens. The plenum configuration resulted from velocity

measurements in a full scale model of the plenum using

gaseous nitrogen. Measured velocities versus plenum radius

at the axial position of the test section inlet were sym-

metrical within 1.5 percent of the centerline velocity.

The experimentally determined ratios of average velocity

to maximum velocity varied from 0.63 to 0.67 for plenum-

diameter based Reynolds numbers between 37600 and 90700.

The axial-velocity variation that appeared as a ripple on

the profile curves was less than one percent of the center-

line velocity. Measurements in a plenum without screens at
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a Reynold’s number of 69600 yielded a velocity ratio of

0.76 and an axial-velocity variation of eight percent. A

copper plate formed the top end of the plenum and served

as the transition between the plenum and the test section.

Electrical current for heating the test section was intro-

duced into this plate. The inlet to the test section was

sharp edged and had the same inside diameter as the test

section. The absolute pressure of the fluid in the plenum

was measured with a Statham Model PA-822 absolute pressure

transducer connected to a 0.030 inch diameter hole in the

plenum wall by an eight inch length of 0.055 inch inside

diameter tubing. A 0.055 inch hole in the plenum wall,

diametrically opposite the 0.030 inch hole, was connected

by an 18 foot length of 0.044 inch inside diameter ttiing

to provide an upstream pressure indication for the test

section pressure differential.

4.3 Power SUPDIV

The test section was heated with a Dresser Electric

Company Model 50-2000-4-3?0 direct current power supply.

The output of the power supply was adjustable from O to

50 volts with a maximum current capacity of 2000 amperes.

The power supply rectified three

five percent voltage ripple. To

phase current and had a

reduce the ripple and its
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effects on instrumentation, an air gap iron choke was con-

nected in series with the test section. The one milli-

henry, one-eighth xnicrofarad filter was fabricated by Del

Electronics Corporation and reduced the voltage ripple

0.2 percent. AISO in series with the test section was

25.18 microhm current shunt

Manufacturing Company. The

mitted through two parallel

to

a

constructed by the Empro

electrical current was trans-

500,000 circular mil copper

welding cables. The total resistance of

section, and connectors was. 0.026 ohms.

levels, the power supply circuit breaker

trip. An air cylinder was attached

to quickly reset it frcm within the

the leads, test

At high power

would frequently

to the breaker handle

control room.

4.4 Test Sect- and Instrumentati~

The test section was fabricated from commercially

available Inconel 600 tubing with a 1.500 inch nominal

outside diameter and a 1.370 inch nainal inside diameter.

The inside diameter actually measured between 1.3760 and

1.3770 inches. The length of the heated section was
.

179.25 inches or 130.8 nominal inside diameters. Vertical

mounting of the test section was necessary for proper

support. Upward flow eliminated unsymmetrical distortion

of velocity profiles by the force of gravity.
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Figure 10 shows the location of test section instru-

mentation. Potential taps and outside wall temperature

thermocouples were soft soldered to the test section at

distances that were 2, 6, 31, 56, 81, 106, 127.5, and 129.5

nominal inside diameters from the inlet of the test section.

Figure 11 shows details of the attachment of instrumenta-

tion. The thermocouples were copper-constantan and were

electrically insulated from their eight xnil diameter

sheaths. Six chromel P-constantan thermocouples were

mounted in a 0.032 inch diameter sheath to form a thermo-

couple rake. The exposed junctions were one-eighth inch

apart. Thermocouple rakes were mounted across the diameter

of the test section at 6 and 31 nainal inside diameters

from the inlet in an unsuccessful attempt to indicate fluid

temperature profiles. The wall thermocouples and the rakes

were obtained from the High Temperature Instruments Corpor-

ation. Thermocouple leads were run in flexible metallic

tubing to

taps were

reduce electrical noise. Additional potential

connected to the electrical power terminals on

the test section. Three Endevco Model 2242C accelerome-

ters were mounted at right angles to each other on the test

section at a distance of 32.8 nominal inside diameters from
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the inlet.

Figure 12 shows tie upper housing that supported the

test section. This nickel housing

probe, formed the upper end of the

the electrical ground for the test

tion instrumentation leads emerged

contained the movable

vacuum jacket, and was

section. All test sec-

from the vacuum jacket

through this housing. The probe tip traversed the test sec-

tion at an axial distance of 176 inches, or 128.5 nominal

inside diameters, from the test section inlet. At this

position and at right angles to the motion of the probe,

there were two diametrically opposed wall static pressure

ports which were 0.029 inches in diameter. One port was

connected to a Statham Model PM-80-TC differential pressure

transducer in conjunction

pressure drop in the test

with the

section.

inlet plenum to indicate

The second port was

connected to a Statham Model PA-822 absolute pressure trans-

ducer. It also provided the reference static pressure for

the pitot tube of the movable probe. The inside of the

test section was polished near the exit

tive brake cylinder hone after the wall

end with an automo-

static ports were

installed. All pressure transmission tubes leading from

the test section and inlet plenum were electrically isola-

ted.

.

.

.
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Test section pressure was adjusted with an Annin Model

1510 valve that was downstream of the test section, as shown

in Figure 13. This valve was manually operated from within

the control room through a forty foot long shaft and a twelve

foot long chain drive. A pressure relief valve and a rup-

ture disk were

vent excessive

pressure gauge

connected in parallel with the valve to pre-

test section pressure. A 300 psi Heise

and a Foxboro pressure transmitter were

mounted near the Annin pressure valve to measure test sec-

tion pressure. The Fokboro transmitter actuated a mercury

manometer in the control

of test section pressure

4.5 Movable Probe

Figure 14 shows the

was secured to the upper

sealed with a deformable

room to give a visual indication

during the experiments.

probe in its mount. The mount

housing with a IIVIIband CIEIMP and

aluminum gasket. The 4.7 inch

long 0.20 inch outside diameter Inconel

mounted at right angles to and near one

diameter 347 stainless steel supporting

drive tube was electrically actuated so

probe stem was

end of a 0.31 inch

drive tube. The

that

moved continuously

the test section.

back and forth across the

The pressure seal between
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diameter of

the sliding
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