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ABSTRACT

Following the i ns ta l l a t i on  of a new exhaust s i lencer in a gas
turb ine test ce l l ,  the ce l l ' s  former a i r f l ow  character is t ics  had to be
reestabl ished. Various methods for estimating tota l  cel l  a i r f l ow  were
reviewed and compared. As a means of adjust ing this a i r f l ow ,  a
var iable pos i t ion  flow spo i le r  was designed, bu i l t ,  and i ns ta l l ed  in
the exhaust co l l ec to r .  Two independent methods of a i r f l ow  estimation
were used to determine a spo i le r  pos i t ion  which would reproduce the
o r i g i na l  cel l  a i r f l ow  charac ter is t i cs .  The cel l  a i r f l ow  augmentation
ra t io  ( t o ta l  cel l  a i r f l ow  to engine flow) was used as the cor re la t ing
parameter.

RÉSUMÉ

Après l ' i n s ta l l a t i on  d'un nouveau si lencieux dans une chambre
d'essai des turbines à gas, i l  a f a l l u  revoi r  les caractér ist iques de
l'écoulement to ta l  dans la chambre. Diverses méthodes d 'est imat ion de
l 'écou lement  t o ta l  de l ' a i r  dans la chambre ont été examinées et
comparées. Pour régler l'écoulement de l ' a i r  dans la chambre, on a
conçu, cons t ru i t  et i ns ta l l é  un spo i le r  à pos i t ion  var iable dans le
co l lec teur  d'échappement. Deux méthodes indépendantes d 'est imat ion de
l'écoulement d ' a i r  ont été u t i l i sées  pour déterminer la pos i t ion  du
spo i l e r  qui r ep rodu i sa i t  les ca rac té r i s t i ques  o r i g i na les  de
l ' écou lement  d ' a i r  dans la chambre. Le taux d'augmentation de
l'écoulement d ' a i r  dans la chambre (rapport de l'écoulement dans la
chambre à l'écoulement dans la turbine) a été u t i l i sé  comme paramètre
de co r ré la t i on .

( i i i )
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AN AERODYNAMIC CALIBRATION OF A GAS TURBINE ENGINE TEST CELL

1.0 INTRODUCTION

The Engine Labora tory  has been pa r t i c i pa t i ng  in two tes t  ce l l
co r re l a t i on  programs. One program i nvo l ved  two J57 t u rbo je t  engines
t r ave l l i ng  to t es t  f ac i l i t i e s  of pa r t i c i pa t i ng  NATO coun t r i es
(Rudn i t sk i  and Grabe, 1981).  In the other program, the Labora tory
p rov ides  a l i n k  in the co r re l a t i on  of a General E l ec t r i c  tes t  ce l l  and
three Canadian Forces engine tes t  f ac i l i t i e s ,  bu i l t  for  the t es t i ng  of
F404 t u rb i ne  engines (Has t i ngs ,  1982).

For both programs, tes t  ce l l  No. 5 of the Engine Labora tory
had been se lec ted .  Because no i se ,  espec ia l l y  from the a f t e rbu rn ing
F404 eng ine ,  was i nsu f f i c i en t l y  reduced  by the ex i s t i ng  exhaust
co l l ec to r  s i l ence r ,  a new s i l ence r  had to be i ns ta l l ed  in i t s  p l ace .
The modern design of th i s  new s i l ence r  r esu l t ed  in a pressure drop
which was an order of magnitude lower than that  of the old one. While
the s i l ence r  imp roved  the t es t  ce l l  performance, the s i gn i f i can t
reduc t i on  in tes t  ce l l  back pressure resu l t ed  in d i f f e ren t  a i r f l ow
cha rac te r i s t i c s  in the ce l l .  Hence, for  the comple t ion of the two
co r re l a t i on  programs that  were under way, a means had to be found to
re tu rn  tes t  ce l l  No. 5 to i t s  o r i g i na l  aerodynamic s ta te .

2.0 OBJECTIVE

The ob jec t i ve  of t h i s  repo r t  is  to document the aerodynamic
co r re l a t i on  between the o r i g i na l  and the mod i f i ed  s ta te  of tes t  ce l l
No. 5. D i f f e ren t  methods for ca l cu la t i ng  tes t  ce l l  a i r f l ow  needed to
be i n teg ra ted .  F i na l l y ,  a co r re l a t i on  parameter had to be es tab l i shed
which would be a unique f unc t i on  of the tes t  ce l l  aerodynamics.

3.0 DESCRIPTION OF TEST CELL

3.1 General

A side view of the general  l ayou t  of tes t  ce l l  No. 5 is given
in F igure  1. Ambient a i r  en ters  the ce l l  through three banks of z ig -
zag sound sp l i t t e r s ,  which are 7.6 m (25 f t )  wide and 4.6 m (15 f t )
h igh .  Wire mesh on the upstream and downstream faces of t h i s  group of
s i l enc ing  ba f f l es  p revents  la rge deb r i s  ( e .g .  l eaves ,  ba f f l e  ma te r i a l )
from en te r i ng  the tes t  ce l l .  In the plan view, the i n l e t  plenum forms
a t r apezo id ,  wi th  one side pe rpend icu la r  to the base l i nes .  On the
oppos i te  s ide ,  the width of the plenum is reduced from 7.6 m, at the
sp l i t t e r  ex i t ,  to 4.6 m at the tes t  ce l l  en t rance .  Downstream from the
p lenum,  the ce l l  c ross -sec t i on  remains constant  at 4.6 m (15 f t )
square.  A manual ly  operated door at the f r on t  of the tes t  sec t i on
en t ry  a l lows  c l os i ng  of the ce l l  whenever the engine is not r unn ing .

The i n take  sec t i on ,  t es t  ce l l ,  and exhaus t  s tack  are
cons t ruc ted  of heavy re i n fo r ced  conc re te .  A 100 mm (4 in) t h i ck  sand-
f i l l ed  acous t i c  wa l l ,  spanning the f u l l  c ross -sec t i on  of the test  ce l l
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around the augmenter tube and the three banks of i n l e t  sound sp l i t t e r s ,
minimizes the propagation of engine noise to the outside environment.

The engine test stand is mounted on a thrust  frame, which is
suspended by f lexure plates from I-beams anchored in the test cel l
f l oo r .  A force-measuring cel l  is placed between the f ront  of the
movable thrust  frame and a f ixed crossbeam.

Major cel l  services include a 76 mm (3 in) compressed air
l i ne ,  used for engine s ta r t i ng ,  and a 63 mm (2.5 in) fuel l i ne .
F i l t e red  fuel  may be drawn at preset pressures from one of three
45 000 I (10,000 gal lon)  inground tanks.

The contro l  and observation room is located on the starboard
side of the ce l l ,  approximately 6 m (20 f t )  behind the engine test
bed, on a mezzanine f loor  1.5 m (5 f t )  above the test cel l  f loor  l eve l .
The engine can be observed through a window at the operator 's  l e f t  side
or by means of a remotely cont ro l led c losed-c i rcu i t  t e lev i s ion  camera.

3.2 Exhaust System

Engine e f f l ux  and entrained test cel l  a i r f l ow  are ducted to
the atmosphere through a 2 m (6.5 f t )  diameter augmentor tube followed
by a ve r t i ca l  s i lencer  [F ig .  1]. In order to control  the rate of
induced cel l  a i r f l ow ,  and hence air  ve l oc i t y ,  an ax i a l l y  adjustable
co l l ec to r  is placed in the augmentor tube i n l e t  [F ig .  2j .  Inside the
co l l ec to r  is an inser t  of a spec i f i c  throat diameter, selected from
several inser ts  on hand. The combination of distance between exhaust
nozzle exi t  and co l l ec to r ,  and of inser t  diameter w i l l  determine the
test  ce l l  bypass flow for a given engine e f f l ux .  For hot e f f l ux
condi t ions,  water may be sprayed rad ia l l y  into the hot gas stream at a
place close to the co l lec to r  entry.

Exhaust stream noise is reduced by a s i l encer ,  designed by
Tacet Engineering L td . ,  Toronto, Ont., and bu i l t  by Welfab Construction
L td . ,  Pointe-Cla i re ,  Qué. The s i lencer is of an open design in which
f l a t  sound dampening panels are placed ve r t i ca l l y  in a rectangular
hous ing ,  well spaced for low aerodynamic loss. For f u r the r  noise
reduct ion, an extension s i lencer can be placed on top of the ex is t ing
one.

4.0 AERODYNAMIC FLOW SPOILER

As mentioned in Section 1, the change of the exhaust noise
s i lencer  g rea t l y  reduced aerodynamic losses. In order to reestabl ish
the cel l  exi t  condi t ions,  as they existed during the i n i t i a l  phase of
the two cor re la t ion  programs, an aerodynamic flow spo i le r  was designed,
bu i l t ,  and i ns ta l l ed  in the exhaust duct [F igs .  1 and 3]. The design
c r i t e r i a  were s imp l i c i t y ,  ruggedness, and low cost, because the spo i le r
was to be used for the completion of the cor re la t ion  programs.

The flow spo i le r  consisted of eight 12.7 m (0.5 in) thick
t r iangu la r  bo i l e r  p la tes ,  hinged at the base. A simple adjustment bar
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permitted the t i l t i ng  of each p la te ,  which changed the area projected
to the airstream. The angles of the plates were kept iden t ica l  to
maintain aerodynamic symmetry wi th in  the duct. The degree of flow
spo i l ing  required was such that ,  together with the inherent losses in
the new s i l encer ,  the combined losses equaled that of the old s i lencer .
The arrangement worked quite wel l ,  as w i l l  be seen from the test
resu l t s .

5.0 AERODYNAMIC CORRELATION METHODS

Engine performance is af fected by the geometry of the test
cel l  in which i t  operates. The gross thrust  at a given test condit ion
consists of a measured scale force,  obtained by a thrust  meter, and
aerodynamic forces act ing on the engine and i ts  test stand. These
aerodynamic forces are a funct ion of the a i r f l ow  into the engine, as
well as the a i r f l ow  passing through the test ce l l ,  past the engine,
into the exhaust co l l ec to r  (Hastings, 1982). I t  is this secondary
a i r f l ow  which is a funct ion of test cel l  geometry, inc luding i n le t  and
ou t l e t  s i l ence rs ,  ce l l  C ross -sec t i on ,  wall p ro t rus i ons ,  exhaust
co l l ec to r  geometry and pos i t ion ing ,  and other elements.

Changes to the cel l  aerodynamics w i l l  a f fec t  engine pe r fo r -
mance in several ways. The engine e f f l ux  acts as an e jec tor  inducing
a i r f l ow  around the engine, which in turn,  creates form and f r i c t i on
drag on the engine and stand, a f fec t ing  the measured scale force. The
e jec tor  act ion also increases the i n l e t  ve loc i t y  in the ce l l ,  thus
a l t e r i ng  the i n l e t  momentum component of gross t h rus t .

Many engine performance parameters used in analysis include
the cel l  s t a t i c  pressure , Pr, and the t a i l - p i pe  ambient pressure, Pa
[F ig .  4]. Maintaining a cor re la t ion  between these pressures a f ter  cel l
modi f icat ion depends on the tuning of the cel l  a i r f l ow  and the e jec to r -
induced secondary a i r f l ow  passing around the engine.

Engine a i r f l ow  was obtained from an airmeter i ns ta l l ed  ahead
of the engine i n l e t  and by analyses previously described (Rudnitski et
a l . ,  1983). Some cel l  a i r f l ow  measurement methods are insens i t ive  to
cel l  modi f icat ions.  They are described in the fo l lowing sect ions.

5.1 Determination of Test Cell A i r f l ow

5.1.1 Energy balance method

Considering the test cel l  as a control  volume, an energy
balance was derived re l a t i ng  measured parameters to the unknown tota l
cel l  a i r f l ow .  The measured fuel flow of known i n i t i a l  enthalpy and
heating value was added to engine a i r f l ow  with an assumed combustion
e f f i c i ency .  An unmeasured amount of air  of known i n i t i a l  enthalpy
entered the cel l  to meet engine a i r f l ow  and induced secondary a i r f l ow
requirements. The secondary flow and the engine exhaust were assumed
to mix thoroughly in the co l lec to r  and s i lencer ,  so that a uniform
e f f l ux  temperature could be measured at the stack exi t  [F ig .  4].
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Equating the energy entering and leaving the control  volume,
the to ta l  cel l  a i r f l ow  may be expressed as:

Wp(LHV · η . + Hc - H- T )· comb F ST
HST - Hi

where

Wc = test cel l  to ta l  a i r f l ow

Wp = engine fuel mass flow

LHV = fuel' lower heating value

η comb = combustion e f f i c iency

Hp = fuel enthalpy as supplied to the cel l

Ηβτ = exhaust stack enthalpy

Hi = air  enthalpy at cel l  i n l e t

An "e f f ec t i ve "  i n l e t  ve loc i t y  can be calculated from this
a i r f l ow ,  i n l e t  air  dens i ty ,  and the cross-sectional area of the ce l l .

5.1.2 Direct  ve loc i t y  measurement method

An independent determination of cel l  a i r f l ow  was car r ied  out
by measuring ce l l  ve l oc i t y  d i r ec t l y .  Propel ler  anemometers were
mounted at seven l oca t i ons  on a ve r t i ca l  beam in the cel l  i n l e t
[F ig .  1].  Simultaneous recordings of the seven anemometer outputs,
averaged over ten seconds, were made at eight l a t e ra l  pos i t ions across
the ce l l .  Further measurements were made using stat ionary anemometers
to determine the ex tent  of the ce l l  wall  boundary l aye r .  Two
add i t i ona l  hor izontal  pos i t ions were then added to the measurement
g r id .  The apparatus is shown in Figure 5.

To calculate the tota l  cel l  a i r f l ow ,  the cel l  cross-sectional
area was div ided into 88 subareas. These were defined by the measure-
ment gr id of the seven vane anemometers on the boom, the ten hor izontal
measurement planes, and the wa l ls ,  ce i l i ng ,  and f l oo r ,  where a zero
ve loc i t y  was assumed. The ve loc i t y  of the air  w i th in  each subarea was
taken to be the average of the measurements at i t s  four corners.
Summation of the subarea a i r f l ows  y ie lded the to ta l  cel l  a i r f l ow ,
which toge the r  wi th the cel l  geometric area and the air  dens i ty ,
allowed the estimation of a mean ve loc i t y  at the cel l  i n l e t .

5.1.3 Wall s ta t i c  cor re la t ion  method

A i r f l ow through the cel l  resu l ts  in a depression of local
s ta t i c  pressure, Pr, from a reference tota l  pressure, Pg , measured in
the control  room. A cor re la t ion  of the cel l  a i r f l ow  to this read i l y
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measured s ta t i c  pressure could be developed. Making use of Be rnou l l i ' s
equa t i on ,  the co r rec ted  a i r f l ow  in the ce l l  can be shown to be
proport ional  to the depression as:

WcÆ PR - Pr

Ο "  α —PF”

A comparison of test cel l  depression measurements by various
ins t ruments  is given in Table 1. Data from a i r f l ow  calculat ions
(Section 5.1.1) were used to prepare the ca l i b ra t i on  curve shown in
Figure 6. This re la t ionsh ip  between the test cel l  wall s t a t i c  pressure
and a i r f l ow  was assumed to hold for subsequent i ns ta l l a t i ons ,
especia l ly  those with the same engine. The i n l e t  ve loc i t y  p ro f i l e
associated with the i ns ta l l a t i on  is described in Section 7.0.

6.0 CELL AERODYNAMIC CORRELATION

Pr io r  to the ce l l  mod i f i ca t i on ,  ce l l  a i r f l ow  had been
calculated by the energy balance method (Section 5 .1 .1 ) .  This approach
was possible because of the uniform temperature p ro f i l e  across the exi t
plane of the o r i g i na l  s i l ence r .  Su f f i c i en t  mixing of the engine
exhaust and secondary a i r f l ow  took place so that the ar i thmet ic  mean of
the twelve thermocouple measurements, at the exhaust stack ex i t ,  could
be used as the e f f ec t i ve  exi t  flow temperature.

Engine test cel l  i n te rac t ion  can be characterized by the cel l
augmentation r a t i o ,  the ra t i o  of corrected tota l  cel l  a i r f l ow  to
corrected engine a i r f l ow :

WcÆT/PD WcÆT
AR = ______1 _ ____

WeTïë/PR We/ïë

Measurement locat ions and nomenclature are shown in Figure 4.

A unique re la t ionship  was established between the augmenta-
t ion r a t i o ,  AR, and the engine nozzle pressure ra t i o ,  Pe/Pa, for the
test cel l  with the o r ig ina l  s i lencer .  Data from f ive test runs of a
turbofan engine in the 10,000 pound (44.6 kN) thrust  c lass,  y ie lded the
ca l i b ra t i on  curve in Figure 7. The test data, obtained from the energy
balance method, agreed to wi th in  ±1%, which is about the expected
uncerta inty in the parameter.

A s im i la r  approach was attempted with data from runs with the
new s i lencer .  Unfortunately,  the extreme non-uniformity of the exhaust
temperature d i s t r i bu t i on ,  at the exi t  of the new s i lencer ,  made i t
impossible to determine the required mass flow-weighted mean tempera-
ture [F ig .  8] .  Consequently, cel l  a i r f l ow  was in fe r red  from test cel l
pressure depression (Pr) with respect to a reference in the control
room (PR ) .
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Data with the new s i lencer i ns ta l l ed  could, therefore,  be
compared with the o r i g ina l  conf igurat ion [F ig .  7] by using measured
test  ce l l  depress ion and the ca l i b ra t i on  curve of Figure 6. As
expected, the lower pressure loss from the new s i lencer  required the
deployment of the exhaust co l l ec to r  spoi lers [F ig .  2], in order to
rees tab l i sh  the o r i g ina l  test cel l  ex i t  pressure condi t ions.  Cell
augmentation ra t io  data with the spo i le r  half and f u l l y  closed are
shown in Figure 9.

Based on these data, the spo i le r  was adjusted to pos i t ion  9
and three addi t ional  test runs were conducted. Augmentation ra t i os ,
derived from prope l le r  anemometer and test cel l  pressure measurements,
for these runs were compared with the o r i g ina l  flow character is t ics
[F ig .  7] in Figure 10. For nozzle pressure ra t ios  above 1.8, the
methods of determining pumping ra t io  are in good agreement. Below the
ra t io  of 1.8, the test cel l  depression is too low to ca lcu late a i r f l ow
re l i ab l y  from the ca l i b ra t i on  curve in Figure 6.

For several t h ro t t l e  se t t ings ,  measurements of the test cel l
depress ion were obtained from a series of transducers. The close
agreement of the various readings in Table 1 added confidence to the
derived a i r f l ows ,  since the ca l i b ra t i on  [F ig .  9] was quite sensi t ive to
the test cel l  depression, which was at most 0.2 kPa (0.03 ps id ) .

7.0 CELL AIR VELOCITY CHARACTERISTICS

Air  ve l oc i t y  measurements made dur ing  the ca l i b ra t i on
supported addi t ional  analyses. The close agreement of the two methods
of estimating a i r f l ow  also allowed the select ion of a single measuring
l oca t i on  which approximates the mean ce l l  ve l oc i t y .  Appendix A
summarizes the test cel l  ve loc i t y  surveys, and can be used to i den t i f y
locat ions where the local ve loc i t y  approximates the overa l l  mean value
across the ce l l .  Subsequent test programs may, therefore,  be conducted
with a ca l i b ra t i on  and measured a i r f l ow  or ve loc i t y  data.

Some character izat ion of the cel l  a i r f l ows  was possible from
the prope l le r  anemometer surveys car r ied out at the cel l  and bellmouth
i n l e t s .  A summary of the data is provided in Table 2, i l l u s t r a t i ng  the
ve loc i t y  p ro f i l e s  at the cel l  and bellmouth i n l e t s ,  along the cel l
cen t re l ine .  The cel l  mean ve loc i t y  obtained from the in tegra t ion  of
the prope l le r  anemometer measurements at the cel l  i n l e t  was used as a
basis for comparison.

Actual ve loc i t y  measurements at the cel l  i n l e t ,  on the engine
cent re l ine ,  overestimated the i n l e t  mean ve loc i t y  by 1 to 1.5 m/s.
This non-uniformity of flow at the cel l  i n l e t  showed the importance of
conducting the ve loc i t y  survey in determining a mean ve loc i t y .

Cell i n l e t  and bellmouth, i n l e t  data were taken during two
separate test  runs. Good agreement was observed between both the
calculated and measured ve loc i t i es  at the cel l  i n l e t  [Table 2]. The
fo l lowing observations about the bellmouth and cel l  i n l e t  flows were
made:
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1) At the engine cent re l ine ,  the cel l  and bellmouth measured
ve loc i t i es  agreed wi th in  0.5 m/s.

11) Ve loc i t ies  near the ce i l i ng  were lower in the plane of the
bellmouth i n l e t  than at the cel l  i n l e t .

i l l )  The ve loc i t y  p ro f i l e  at the bellmouth showed a de f i c i t  just
below the engine cent re l ine .

iv) The ve loc i t y  p ro f i l e  at the cel l  i n l e t  exhib i ted a peak about
2.2 m from the f l oo r .

Some of the p ro f i l e  di f ferences are shown in Figure 11.

The ce l l  ve l oc i t y  de r i ved  from these measurements was
u l t ima te ly  used to calculate i n l e t  momentum and drag contr ibut ions to
the engine gross t h rus t .  Assuming that the engine a i r f l ow ,  We, was a
repeatable funct ion of nozzle pressure ra t i o ,  matching the augmentation
ra t io  impl ied that the cel l  i n l e t  ve loc i t y  had been reproduced. In
fac t ,  the data showed the AR agrees wi th in  2%. I f  a l l  this d i f ference
were a t t r i bu ted  to cel l  ve l oc i t y ,  the corresponding deviat ion in gross
thrust  has been estimated at 0.07 to 0.1% (Rudnitski et a l .  1983).

8.0 SUMMARY

A method of reca l ib ra t ing  a test cel l  a f ter  modi f icat ion of
the exhaust s i lencer has been developed. Cell a i r f l ow  charac te r i s t i cs ,
as described by the cel l  augmentation ra t i o ,  could be reproduced with
spo i l e r s  placed in the exhaust co l l ec to r ,  upstream of the s i lencer
module.

Two independent methods of ca lcu la t ing tota l  cel l  a i r f lows
were in good agreement for a given se t t ing  of the spo i le rs .

Test data were used to corre la te cel l  a i r f l ow  to a single
s ta t i c  pressure measurement on the cel l  wal l .  Measurements of this
s ta t i c  p ressu re ,  with several transducers, support the use of the
cor re la t ion  to estimate a i r f l ow  with a 1% uncer ta in ty .

Veloci ty  p ro f i l es  in the test cel l  were characterized at the
cel l  i n l e t  and engine bellmouth i n l e t s .  Single point locat ions for
anemometers were established where the measured ve loc i t y  approximated
the mean ve loc i t y .

Errors in comparing gross thrust  measurements between the old
and new cel l  conf igurat ion were estimated at 0.07 to 0.1%.

9.0 RECOMMENDATIONS

1) Cell a i r f l ow  ve loc i t i es  should be determined from cor re la t ion
with a wall s ta t i c  pressure.
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11) Addit ional measurements of the actual ve loc i t y  should be made
with anemometers at selected posi t ions in the cel l  i n l e t  and
adjacent to the engine.

i i i )  Adjustment of spoi lers to match or set desired cel l  a i r f l ow
should be done to ensure comparabil i ty to previous tests to
wi th in  1%.

iv) Spoi ler  se t t i ng  9 should be used to dupl icate F404 and J57
cel l  a i r f l ow  charac te r is t i cs .
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FIG. 6 : TEST CELL AIRFLOW CALIBRATION
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FIG. 7 = NO. 5 CELL EXHAUST SYSTEM CALIBRATION
- BASELINE BEFORE SILENCER MODIFICATION -
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FIG. 8 : NO. 5 TEST CELL STACK TEMPERATURE PROFILE
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FIG. 9 : NO. 5 TEST CELL AUGMENTATION RATIO
WITH VARIOUS SPOILER SETTINGS

AIRFLOW
\METHOD

SPOILEF? \
SETTING

VANE
MEASUREMENT
UNCORRECTED

WALL
STATIC

CALCULATION

ENERGY
BALANCE

FULLY CLOSED
|St HOLE Θ

HALF CLOSED
7 t h HOLE

BASELINE X

1.8

1.0
1.0



JTR-Lui-jG- 01 4 -18 -

FIG. 10 : TEST CELL EXHAUST SYSTEM CALIBRATION

PUMPING RATIO AS A FUNCTION OF NOZZLE PRESSURE RATIOCELL
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FIG. I l  : COMPARISON OF VELOCITY PROFILES AT CELL AND BELLMOUTH INLETS
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Tab le  1 :  Compar i son  o f  Tes t  Ce l l  Dep ress ion  Measu remen ts  (Run 36)

MEASUREMENT
SOURCE

NOZZLE
PRESSURE
RATIO

MEASURED TEST CELL DEPRESSION (kPa)

TRANSDUCER (NOMINAL ACCURACY AT 0 .1  kPa ) *
SLANT

MANOMETERCAPACITIVE TYPE

DIGIQUARTZ
BAROCEL
15 PSI

(0 .015%)

DATAMETRICS
TYPE 103

100 i n .  WATER

(0 .1%) *

DRUC
TYPE PDCR 32

5 PSID

(0 .1%)

DWYER
MODEL 25

d%)
[±0 .01  i n .

wa te r ]

3 .37 0 .13 0 .12 0 .11 0 .12

3 .22 0 .20 n .a . 0 .19 0 .19

2 .56 0 .16 n .a . 0 .15 0 .15

2 .1 0 .12 0 .10 0 .10 0 .12

NOTE: * The D ig i qua r t z  and s l an t  manome te r  were read  manua l l y ,  wh i l e  the
o the rs  were ou tpu t s  o f  the  da ta  acqu i s i t i on  sys tem,  wh i ch  i n t r o -
duces  some add i t i ona l  e r ro r s .
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Tab le  2:  Compar i son  of  Ce l l  Cen t re l i ne  Ve loc i t y  P ro f i l es
at  the Be l lmou th  and Ce l l  I n l e t

MEASUREMENT
PLANE

THROTTLE
SETTING
(NOZZLE
PRESSURE
RATIO)

PROPELLER ANEMOMETER MEASUREMENTS* (m/s )

CALCULATED
MEAN

VELOCITY
(m/s )

HEIGHT ABOVE FLOOR (m)

0 .4 1.0 1.6 2 .2 3 .1 3.8 4.2

Ce l l 3 .22 5.5 6.4 6.9 6.9 9.7 6.7 7 .8 8 .8
(Run 36)

2 .56 4.9 5.7 6 .1 6.0 8 .8 5.7 7.2 8 .1

2 .10 4.2 4.9 5.2 5.0 7.4 5.0 6.3 6.9

Ce l l 3 .35 5.6 7 .1
(Run 37)

2 .98 5 .1 6.9

2 .45 4.5 6 .1

2 .24 4.3 5.6

Bel 1mou th * * 3 .35 7.4 6 .1 7.6 8 .3 7 .8 7 .8 7.0
(Run 37)

2 .98 6.6 4.8 6.5 8 .1 7.6 7.7 7.0

2 .45 6.4 4.9 5.9 7.2 6.9 6 .8 6.0

2 .24 6.0 4.8 5.7 6.9 6.4 6.3 5.6

* Measurements  were taken  a t  2 .4  me t res  f rom ce l l ' s  eas t  wa l l .

* *  Be l lmou th  i n l e t  measurements  were taken abou t  1.3 me t res  ahead of
the be l lmou th .

NOTE: Eng ine  cen t re l i ne  i s  a t  app rox ima te l y  1 .6  me t res  above the f l oo r .
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APPENDIX A

TEST CELL VELOCITY SURVEY SUMMARY

The ho r i zon ta l  and ve r t i ca l  l oca t i ons  of the e i gh t  p rope l l e r
anemometers are shown in  Table 3. They were l oca ted  0.38 m downstream
of the t es t  ce l l  i n l e t  door .  Subareas of the ce l l ,  formed by measure-
ment l oca t i ons  at each co rne r ,  are shown in Table 4.

Measured ce l l  ve l oc i t i es ,  averaged ve loc i t i es  in each subarea
(based on measurements at  the four  co rne rs ) ,  mean' ve l oc i t i es ,  and t o ta l
ce l l  f l ows  are shown in  Tables 5, 6, and 7 fo r  t h ree  d i f f e ren t  t h ro t t l e
se t t i ngs .  Ve loc i t i es  on the wa l l s ,  ce i l i ng ,  and f l oo r  were assumed to
be ze ro .  Ea r l i e r  su rveys  have shown tha t  a ve r t i ca l  measurement p l ane ,
0.2 m from the east wa l l ,  shou ld  a lso  be ass igned  a zero ve loc i t y ,
because of i t s  l oca t i on  in a sepa ra ted  f low regime [F i g .  5 ] .  The l as t
ve r t i ca l  measurement p lane be fo re  the west wal l  is  de r i ved  from a r a t i o
of the anemometer 8 measurement and the p ro f i l e  measured at  the second
las t  ve r t i ca l  p l ane .

Table 3: P rope l l e r  Anemometer Loca t i ons

ANEMOMETER VERTICAL LOCATION
(me t res  above f l oo r )

HORIZONTAL LOCATION
(met res  from east wa l l )

1 0.41

2 1.02 Anemometer a r ray  1 to 7

3 1.63 sequen t i a l l y  pos i t i oned  at

4 2.24 0 .60 ,  1 .05 ,

5 3.15 1 .50 ,  1 .96 ,  2 .41 ,  2 .87 ,

6 3.76 3 .33 ,  3.78

7 4.17

8 2.24 4.32 ( s t a t i ona ry )
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Tab le  4: Ce l l  SubAreas Used f o r  I n t eg ra t i on  of  Ce l l  Ve loc i t i es

CELL AREAS ( i n  2 )

EAST

126 .0 130 .0 192 .0 288 .0 192 .0 192 .0 192 .0 128 .0

244 .1 251 .9 372 .0 558 .0 372 .0 372 .0 372 .0 248.0

283 .5 292 .5 432 .0 648 .0 432 .0 432 .0 432 .0 288 .0

277 .6 286 .4 423 .0 634 .5 423 .0 423 .0 423 .0 282 .0

285 .5 294 .5 435 .0 652 .5 435 .0 435.0 435 .0 290.0

279 .6 288 .4 426 .0 639 .0 426 .0 426 .0 426 .0 284 .0

285 .5 294 .5 435 .0 652 .5 435 .0 435 .0 435 .0 290 .0

281 .5 290 .5 429 .0 643 .5 429 .0 429 .0 429 .0 286 .0

283 .5 292 .5 432 .0 648 .0 432 .0 432 .0 432 .0 288 .0

330 .8 341 .3 504 .0 756 .0 504 .0 504 .0 504 .0 336.0

157 .5 162 .5 240 .0 360 .0 240 .0 240 .0 240 .0 160 .0

R
0
0
F

F
L
0
0
R

WEST
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Table 5: Resu l t s  of Run 36 - Point  1 Ve loc i t y  Survey
(Nozzle Pressure Rat io  of 3.22)

POINT 1
TOTAL FLOW AREA 225.0 f t  2

AREA * VELOCITY 4059.84 f t  3 /s
MEAN VELOCITY 18.04 f t / s

MEASURED VELOCITIES (m/s)

EAST

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 8.90 11.04 10.48 6.77 3.71 0.67 -0.49 0.00
0.00 9.63 10.26 9.53 9.12 7.38 5.96 5.74 0.00
0.00 10.32 9.61 9.19 8.72 8.31 7.48 5.59 0.00
0.00 10.08 9.33 8.74 7.92 7.65 7.48 6.40 0.00
0.00 9.66 8.85 7.75 6.71 6.87 6.89 6.43 0.00
0.00 9.56 7.81 6.21 4.22 5.33 5.96 5.90 0.00
0.00 8.95 7.01 4.43 4.13 3.78 5.35 5.40 0.00
0.00 8.60 6.39 2.76 5.37 4.53 4.75 4.86 0.00
0.00 11.30 8.40 3.63 7.06 5.95 6.24 6.39 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

tZ
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lL

 
O

iO
Q

L
i_

Li___IO
O

Q
T

 
Li-----IO
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WEST

AVERAGED CELL VELOCITIES (m/s)

EAST

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
2.22 4.99 5.38 4.31 2.62 1.10 0.05 -0 .12
4.63 9.96 10.33 8.98 6.75 4.43 2.97 1.31
4.99 9.95 9.65 9.14 8.38 7.28 6.19 2.83
5.10 9.84 9.22 8.64 8.15 7.73 6.74 3.00
4.93 9.48 8.67 7.78 7.29 7.22 6.80 3.21
4.81 8.97 7.66 6.22 5.78 6.26 6.30 3.08

4.63 8.33 6.37 4.75 4.36 5.11 5.65 2.83
4.39 7.74 5.15 4.17 4.45 4.60 5.09 2.57

4.98 8.67 5.29 4.70 5.73 5.37 5.56 2.81

2.83 4.93 3.01 2.67 3.25 3.05 3.16 1.60

WEST
TEMPERATURE 24.8°C
PRESSURE 14.38 psia
DENSITY 0.07237 l bm/ f t  3
***  TOTAL AIRFLOW 293.81 Ibm/s
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Table 6: Resu l t s  of Run 36 - Point  2 Ve loc i t y  Survey
(Nozzle Pressure Rat io  of 2.56)

POINT 2
TOTAL FLOW AREA 225.0 f t  2

AREA * VELOCITY 3605.68 f t ’ / s
MEAN VELOCITY 16.3 ( f t / s )

MEASURED VELOCITIES (m/s)

EAST

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 8.35 9.93 9.43 5.94 3.32 0.65 -0 .95 0.00
0.00 8.73 9.28 8.60 8.30 6.65 5.26 4.70 0.00
0.00 9.31 8.67 8.30 7.81 7.50 6.58 4.88 0.00
0.00 9.17 8.48 7.93 7.18 6.96 6.73 5.67 0.00
0.00 8.76 8.06 7.15 5.71 6.03 6.10 5.69 0.00
0.00 8.52 7.06 5.54 3.48 3.85 5.30 5.31 0.00
0.00 8.13 6.35 4.02 3.71 3.80 4.36 4.83 0.00
0.00 7.77 5.63 2.79 4.79 4.01 4.35 4.38 0.00
0.00 9.34 6.77 3.35 5.76 4.82 5.23 5.26 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
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WEST

AVERAGED CELL VELOCITIES (m/s)

EAST

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

2.09 4.57 4.84 3.84 2.32 0.99 -0 .08 -0.24
4.27 9.07 9.31 8.07 6.05 3.97 2.41 0.94

4.51 9.00 8.71 8.25 7.57 6.50 5.36 2.39

4.62 8.91 8.35 7.81 7.36 6.94 5.97 2.64

4.48 8.62 7.91 6.99 6.47 6.46 6.05 2.84

4.32 8.10 6.95 5.47 4.77 5.32 5.60 2.75

4.16 7.52 5.74 4.19 3.71 4.33 4.95 2.54

3.98 6.97 4.70 3.83 4.08 4.13 4.48 2.30

4.28 7.38 4.63 4.17 4.84 4.60 4.81 2.41

2.33 4.03 2.53 2.28 2.64 2.51 2.62 1.32

WEST
TEMPERATURE 24.3°C
PRESSURE 14.38 psia
DENSITY 0.07251 l bm/ f t  3
***  TOTAL AIRFLOW 261.47 Ibm/s
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Tab le  7:  Resu l t s  of  Run 36 - Po in t  3 Ve loc i t y  Survey
(Nozz le  P ressu re  Ra t i o  o f  2 .10 )

POINT 3
TOTAL FLOW AREA 225 .0  f t  2

AREA * VELOCITY 3104 .60  f t  3 /s
MEAN VELOCITY 13 .80  f t / s

MEASURED VELOCITIES (m/s)

EAST

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0 .00 0.00

0 .00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

0 .00 6 .96 8 .54 8 .00 5.13 3 .35 0 .21 0 .12 0.00

0.00 7 .33 7 .98 7 .42 7.00 5.77 4 .53 4.23 0.00

0 .00 8 .01 7.45 7.14 6.75 6.46 5.80 4.47 0.00

0 .00 7 .89 7 .28 6.86 6.27 6 .01 5 .83 4.89 0.00

0.00 7 .41 6.90 6.26 5 .01 4.99 5 .16 4.93 0.00

0.00 7.37 6 .12 4.95 2 .71 3 .02 4.30 4 .62 0.00

0 .00 6.85 5 .26 3 .11 3.63 3 .44 3 .71 4 .20 0.00

0.00 6.58 4.80 2 .42 4.27 3.29 3.69 3.68 0.00

0.00 7 .95 5.80 2 .92 5.16 3.97 4.46 4 .44 0.00

0 .00 0 .00 0 .00 0 .00 0.00 0 .00 0 .00 0.00 0.00
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WEST

AVERAGED CELL VELOCITIES (m/s )

EAST

0.00 0 .00 0 .00 0.00 0.00 0.00 0.00 0.00

1.74 3 .88 4 .14 3 .28 2.12 0.89 0 .08 0 .03

3.57 7.70 7 .99 6.89 5 .31 3.47 2.27 1.09

3.84 7.69 7.50 7 .08 6.50 5 .64 4.76 2.17

3 .98 7 .66 7 .18 6.76 6.37 6 .03 5.25 2.34

3 .83 7.37 6.83 6.10 5.57 5.50 5.20 2.45

3 .69 6.95 6.06 4.73 3.93 4.37 4.75 2.39

3 .56 6.40 4.86 3.60 3.20 3 .62 4 .21 2 .20

3 .36 5.87 3.90 3.36 3.66 3 .53 3 .82 1.97

3.63 6.28 3 .98 3.69 4.17 3.85 4.07 2.03

1 .99 3 .44 2 .18 2 .02 2.28 2 .11 2.23 1 .11

WEST
TEMPERATURE 23 .9 ’C
PRESSURE 14 .38  ps ia
DENSITY 0 .07264  l bm/ f t  3

***  TOTAL AIRFLOW 225 .52  Ibm/s
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