The Design of a Vacuum Pan

Fooar B, Cone

This paper deals specifically with the design of a moechanieal forced
circulation calundria vacuum pan. The eoordinated design of the calandria
and the forced circulation impcller resulted 1o a pan of exceptional per-
formance. An improved wype of barometric condenser and functional in-
strumentation further enhanced this pan’s operation.

A complete detatted discussion of vacuwm pan design would require
considerably more space and time than aan be allotted for this paper. There-
Hore, only one phase of design will be deale with in dewail. vir., the coordi-
nated design of the calindria and the foreed civeulation impeller.

Our Company has in four of its {actories a total of twelve mechanical
circulation ¢alandria vacuum pans. Nive of these pans are original cquip-
ment which weve converted o the forced civculaton type by installing
Webre circulators and the Webre system of sugar boiling control. Three of
these pans are new pans which were designed by the author. One new pan
of the latest design is being buile this year for nexe fall’s campaign. By next
fall we will have three pans of the new design [or hoiling white sugar and
one for boiling intermediate sugar. OFf the nine carlier forced circulation
pans, three are boiling intermediate sugar and six are hotling raw sugar.

A detatled study of the proportions versus the operating characteristics
of the original nine forced crculition pans leads us to draw up the follow-
ing general specifications:

1. Of the total fnished strike volume, not more than 25 percent o 30
pereent should be ncluded in the tubes, conter well, and in the space below
thie bottom ruhe sheet.

2. The proportions of the pan should be such that the depth of the
finished strike above the top tube sheet should not be more than hall the
internal diameter of the pan.

3. In order to maintain an acceptable production rate, and to cnable
us to use low pressure vapors not over 15 pounds pressure, there should be
approximately two square feet of heating surlace for every cubic foot of
finishied strike volume.

4. 10 we are to meet the three preceding specifications, the tube lengths
must be kept as short as possible which of necessity dictates tubes of a smaller
diameter than wsual in current practice.

5. More circulation than available in the nine original pans was de-
sived and @ velocity in the tubes of two feet per second during the inital
hoiling down of the graining charge was a design goal,

6. The standard Byers type of baromaowric condenser was generally sats-
factory bur it was {cle that an improved design was necessary o give closer
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temperature control of the pan and o reduce the water consumption of the
condenscr.

7. A piston-type dry vacuum pump with a displacement in cubicleer
por winute of not less than the strike volume of the pan was necessary o
give fast accurate tamperature conwol of the pan

8. A eoordinated, compact, and Tuncuonal instrument system was de-
sived which would automatically control the vapor temperature in the pan,
the filhuass temperature andor the fillmass tightness in the pan. and the
rate of boiling by contralling the ffow of stcam to the pan.

9. Last but not least, all other secondary operations by the sugar beiler
should be made as convenient and free of cxerdon on the part of the sugar
boiler as possible enabling him to concentrate bis efforts toward improving
the quality of the finished arike.

Trems 4 and 5 of the general specifications, ie. the design of the cal-
andrin and the forced crculation impeller will now be discussed in detatl,

The strike volume and the boiling \(Iudu ¢ of the new pan were spe-
cified by our opoerating department o be 1,100 cabic feet of white fillimass
every two hours, Space lmitations ]imitcd the diameter of the pan o 12
feet-f inches, A study was made of four different wbe sizes and four cal-
andria scetions were designed. Table | lists the features of these four calandria
lor comparison.

Fluid How characteristics were caleulated for each of the four calandrix
for the lollowing umdmon\' Case 1, Water at 75° .0 0° Brix, l(‘nsu,v
60.94 /cu. fi., Viscosity 0.58; ((nupmsu Case TI, Liquor at 75° (.,
Brix, density 87.04 Zcu, JL.. \fh(om} 500 Centipoises; Case HIL 1 Hmms at
75° C., 00° Brix, densivy 9024 Zeu. [, Viscosity 5,000 Centipoises. For cach
of the three different fluids five liquid velocities in the tubes were assumed,
Le, 0.5, 1.0, 1.5, 20, and 2.5 feet per second. Thus, a total ol 60 diflerent
seis of operating conditions were calculated and plotied.

Fluid viscosities for the liguor and the fillmass were arrived at by a
serics ol approximations, These were later checked against measurcineiits

Table 1.—Calandria Proportions.

Pan Dinmcter —12-6". Well Diameter 4797,
Total Strike Volume -1,100 cubic fect.
Hleating Surface 2,540 square {eet.

Tube Diameter, Tnches 214" 2347 3

Tulie Dimneter, Foot 0,188 1.209 0.230

{ube Length, Inches 31 K 44

Pube Lenoth, Feet 2.57 2.83

Number of Tubes 1680 210

End Arca of Pan, Ap. 124 22

Avea of Woll, Aw, 17,7 1775

Aw /Ap., Poreent 11.52 14.55

Area Tube Sheet, Ats. 104,28 HHL25

End Arca Tubes. At 46.2 516

At /Ars, Percent LIRS 49,5

Vol below Top Sheet 3165 RELE 4{)‘3 f}
Vol. above Top Sheot 7837 750.6 G410
Vol. below/Vol. Pan, Percent 288 318 7.1
Depth of Sthrike, Feet 675" 6727 5107
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taken in the pan with a Bendix Ultrasonic Viscosimeter. The original
assumptions of viscosity were surprisingly reliable. Figure 1 shows a curve
of apparent viscosity versus brix at 75° C. as measured by the Ultrasonic
Viscosimeter, and the curve of assumed viscosities at 75° C.

Reynolds Numbers (Re = VDp/y) for all flow conditions were calcul-
ated and Fanning Friction Factors were determined from a chart showing
Re vs. [. This is shown in Figure 2. This figure and the method of calcul-
ating fluid flow and pressure drops in the tubes are from W. H. McAdams
(1)*, Heat Transmission, Chart V, pages 99 to 134. In Figure 2, I have
indicated the regions for the several flow conditions. As will be noted, the
flow conditions in the tubes for water are definitely in the turbulent flow
region, while the flow conditions in the tubes for the liquor and the fill-
mass are definitely in the streamline flow region. For the center well the
flow conditions for water are very turbulent; for the liquor the flow con-
ditions are just in the turbulent flow region; flow conditions for the fillmass
are well into the streamline flow region.

Head losses due to fluid friction in the tubes and well were calculated
from the typical Fanning Equation (2) F, = [V2 (2L) where F,_ is the
(8D)

head loss in feet ol the flowing fluid at given conditions, [ is the Fanning
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Friction Factor from Figure 2, V is the fluid velocity in the tubes, L is the
length of the tube in feet, D is the internal diameter of the tube in [eet,
and g is the acceleration of gravity, 32.2 feet/sec./sec.

Head losses due to enlargement and contraction of the liquid entering
and leaving the tubes and ol the liquid entering and leaving the center well
were calculated from the following equation (3): F, = (V, — V,) and

2
F, = KV.,2, where F, and F_ are enlargement and contraction lnfsca in feet
2g
of the flowing fluid respectively, V, is the velocity of the fluid leaving the
tube, V, is the velocity of the fluid entering the tube, g is the acceleration
of gravity, and K is a function of A,/A, as given in Figure 47, page 122 in
McAdams (4).

The data from the 60 sets of fAuid flow conditions are so voluminous
that no attempt will be made to present all these data in this paper. How-
ever, the next four figures amply illustrate in graphical form the highlights
gleaned from the tabulated data.

Figure 3 illustrates the friction losses F in feet of fluid against the quan-
tity in GPM circulating through the calandria at a velocity of 2-feet per
second in the tubes. F, ., is the sum of the fluid friction, fluid friction in the
tubes F,, fluid friction in the well F_ ., enlargement and contraction losses
in the tubes F,, and the enlargement and contraction losses in the well
F

o

eew

Note that F,,, and T, are the same for all three different fluid con-
ditions. Closer inspection of the formula for arriving at these losses will
show that the losses ave dependent solely on the velocities in the well and
in the tubes and are independent of the viscosity and the density of the fluid.
Note, also, that F, . is of considerable magnitude, and in the case of water
it represents the major loss. In the case of the liquor T, is also of consider-
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Figure 3.—F, in feet of liquor vs. (. in gallons per minute. (At tube
velocity ol 2 feet per second.)

able importance. In the case of the fillmass, T merely modifies the total
friction loss. As would be expected, the fluid fricdon loss in the wbes Foe is
smaltl for water, of more importance {or the liquor and of major importance
for the case of the fllmass. The fuid friction losy in the well as alimost so
small as 1o he negligible. Figure 3 jHustrates clearly the importance of well
size and design as v affects the total head Josses enconntered in cireulating
liquor and fillmass in a vacuum pan calandria, especially for forced cireula-
Hon vacuun paas.

Figure 3 indicates that when one designs a calandria {or a vacuum pan,
the designer must calealate the enlargement and contraction losses for the
center well as well as the [riction losses due to viscous flow in the tubes. The
enfargement and contraction losses lor the wbes and the friction losses in
the well due o viscous torces cn usually be disregarded as their combined
effect varely will amount to more than 1 pereent of the total friction losses
for the calandria.

Figure 4 illustrates the total head loss H oin the ealandria in feet of
liguid versus the quantity of Hquid dreulating in GPM. This figure shows
the case for the three different liquids, for the four tube sizes, and at veloci-
ties in the tubes of from Uy to 2-feet per second. This figure clearly tllustrates
the cffect of the tube size on head loss: e, for the case of water, the head
loss at a given velogity s greater for the larger wibes; for liquor at 82.5°
Brix there is no appreciable diflerence between the head losses for the differ
ent tube sizes; for a B0° Brix (illmass the head losses in the smaller tubes
are appreciably greater than lor the larger tubes,

Afrer a careful study of all of the data and the preceding figures, we
selected the calandrin with the 23%4-inch dinmeter tubes {or the final design.
An impeller was designed o march the head loss characteritics of the cal
andria and the mechanical components of the crculator were designed.

Stepanoff's hook, “Centrifugal and Axial Flow Pumps” (3}, was used
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H, HEAD LOSS

Q= GPM x 1000
Figure 4.—H vs. .

as an aid and a goide in designing the impeller. Briefty the impeller can
be described as a four blade, conical hub, axial flow jwpeller. The initdal
destgn conditions arer Fluid, Water; Q@ = 38250 gpan: Towl dynamic
head = 2,06 fect; RPOML 84; Specific Speed =2 11L,600; Discharge blade
angle 22147 Impelling ratio 1.36.

The frapeller as hnally designed had a maximum blade tp diameter
of 63 inches, an average or nominal blade tip dizmeter of 60 inches, and a
mininmum blade tp dinmeter of 37 inches, The center well is 57 inches in
diameter, and there is a conical guide ring surrounding the blade tips.
Maximum hub diameter is 30 inches and s conical in shape reducing to
12 inches o ciameter at the small end of the hub.

G- GPM x 1000

Figure 5~-H vs. O for 23-inch tubes and H vs. Q for impelier,
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Figure 6.—Impeller characteristics.
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Figure 5 shows a plot of the Huid flow characteristios of the 234-tnch tube
calandria versus the Q-F charneteristics of the impelfer. This figure is a
special form of plot known o pumping engincers as a System Head Gurve,
For this figure 1 have caleubited and plotied additional head loss curves for
the calandria Tor the cases of fillmass at 83° Brix and {or fillmass ar 87.5°
Brix. Q-H curves lov the imypeller at 84 rpin. 76 rpm, 71 rpm, and 63 rpm
are plotted. Shown in dotted Iines below the 09 Brix curve for the original
pan is a plot of the head loss curve for 02 Brix for the three pans which
were designed subscquent o this fiest pan. The later design is Tor a 13-foot
diameter pan with 10 pereent more tubes of 234-inch diameter and a length
of only 30 inches. These later pans have the same total heating surface as
installed in the original pan.

Test points are indicated for data taken at the various impeller speeds
whein the pan was Glled with boiling water at 75° . The head loss data
for water as taken in the test agreed almost exactly with caleulated design
values. .

This close agreement berween the head losses calculated and found in
test strengihened my confidence in the method of caleulation. Therefore,
I caleuluted the dmpeller efficiencies for water at the four impeller speeds
amud applied these elliciencies o the ases Tor Higuor and fillmass. Later tests
at the four impeller speeds for fiquor and fillmass showed remarkably close
agreement between the total horsepower required and the calculated total
horsepower. Agreement was within 8 percent at a fillmass Brix of 999,

Figure 6 shows a plot of Q vs. I for impeller speeds of 84 rpm and
76 rpimn. Abo shown are caleualated total horsepower curves for 84 rpm and
76 rpm,

Iiitial operation at 84 rpm indicated that there was considerable power
surging during the tightening of the strike: this suggested that cavitation
was taking place at the bapeller blades. Thercfore, we reduced the speed
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of the impeller to 76 rpm and eliminated the power surging. There was no
indication that the performance of the pan suffered from this speed reduction.

Sugar-boiling operations at the lower speeds of 71 rpm and 63 rpm
secemed to indicre that at these lower speeds the uniformity ol sugar
crystal sizing suffered. This was observed visually on the viewing screen of
the Sucroscope and was verified by the increase in GV of the screened
sugar samples produced at these speeds. The spread in crysial sizing appears
to come abour during the first hall of the beoiling of the sirike. Jhue{m(‘
we feel that the masinsum circulation yate which will not produce cavitation
during the tightening of the strike s necessary, inasmuch as it produces a
more uniform crystal size during the important early phases of the swrike
when the grain s being formed.
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