gitator-equipped vessels with
jackets for heating or cooling
are drawing increased attention
in the process industries. Apart
from a growing importance in biotech-
nology {(box, p. 94), such vessels are
widely used in a variety of other
process applications. Accordingly, en-
gineers can benefit from a working
knowledge of how heat-transfer and
temperature-contrel principles apply
to such vessels.

The rate of heat transfer to or from
an agitated liquid mass in a vessel is a
function of the physical properties of
that liguid and of the heating or cooling
medium, the vessel geometry, and the
degree of agitation. The type, and size
of the agitator, as well as its location in
the vessel, also affect the rate.

These values of the agitator para-
meters are set by the given mixing
task {such as suspending or dispers-
ing solids or gases, emulsifying an im-
miscible liquid, or fostering chemical
reactions), usually before their effects
upon heat transfer are considered.
But if during operation, the course of
the process proves to be governed
mainly by the heat transfer, then such
variables as log mean temperature
difference and heat-transfer surface
area will usually take on more signifi-
cance than the agitation variables. In
gither case, the mixing can affect only
the heat-transfer resistance on the
inner vessel wall, which (as pointed
out in Equation [6]) is but one of the
resistances that determine the overall
heat-transfer coefficient.

Many jacketed vessels are reactors,
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The prineiples are straightforward,
but their application is tricky

s0 exothermic or endothermic effects
must be taken into account. Further-
more, in many applications employing
jacketed vessels, successive batches of
material are heated (or cooled) to a
given temperature, so the heat trans-
fer is unsteady-state.

Quick review sets the stage

In a vessel containing an agitated lig-
uid, heat transfer takes place mainly
through conduction and forced convec-
tion, as it does in heat exchangers. So,
the starting point for heat-transfer
calculations involving such vessels is
the resistance or film theory that ap-
plies to exchangers. The heat flow and
the calculation procedures may best
be explained by building step by step
upon the basie film-theory equation:

Rate = Drwu}g Force
Resistance

1

where the heat-flow rate per unit area
is in (for instance) Btuw/(hXft2), the dri-
ving force is the temperature difference
in degrees Fahrenheit, the resistance is
the reciprocal of heat conductance U,
and U is in Btu/(h)(f#2)CF).

Equation (1) can be written as:

AT _Q 2)
1A
U

where AT is the temperature differ-
ence in Fahrenheit degrees, @ is the
heat-transfer rate in Btwh, and A is
the heat-transfer area in square feet.

Continuous operation

In the simplest, idealized situation,
the vessel and its jacket each operate
continuously under isothermal condi-
tions. Under those circumstances,
Equation (2} becomes transformed
simply into

@ = UAAT

and applied directly.

In the more realistic continuous
sifuation, in which the vessel con-
tents are at constant temperature
but with different jacket inlet and
outlet temperatures, the general
equation becomes:

Q = UAAT,,,

(3

(4)

where ATy, is the log mean tempera-
ture difference between the bulk tem-
perature of the vessel contents, ¢, and
the temperature in the jacket, T:

- (ta~Tp)-(1-T1)
Inf(tp - T)/ (t, - 71
In this equation, Subscripts 1 and 2
refer to the temperatures of the enter-
ing and exiting fluids, respectively
The overall heat transfer coeffi-

(5

Im




Flaf- Cl.74(NR9)0-67(Np,)°~33(pmw)ﬁ-?'4 | D/D; =113, Z/D; = 1.0. Six-bladed furbine.
blade © -| Standard geometry. References (6, 7)
furblne T
2 Flat- Yos/ <400 0.54(Ngy30-67(Np)0-33(u /1, 3014 | DfDy = 1/3, /Dy = 1.0. Six-bladed turbine.
blade No standard geometry. Refarences {6, 7)
turblne
3 | Flat-blade | Yes >400 0.85(Npg)0-68(Np)0-33(Z /D) ~0.56 | Non-standard geometry. Gensral
turbine X{D/Dp0- 130 /1, Y014 equation. Reference (8)
4 |Refreating-| No No 0.68(Npga)0 67 (Np )03/, )0 14 | For agitators with six retreating blades,
blade Himitation® refer to References (6, 11). For other related
jurbine geometries, see Referances (9, 10)
5 |Refreating-| Yes No 0.33(Npg)0-67(Np)0- 331/, )0 14 | Glassed-stest iImpseller, thrae retreating
blade Hmifation® blades. The lower constant (0.33) for the
furbine glassed-stee! Impeller Is attributed to
greater slippage around Its curved
surfaces than around the sharp comers of
the dlloy-steel impeiler. Reference (9]
6 |Refreating-| Yes No 0.37(Npg)0-57 (N )0-33(1s/ 1, )0-24 | Alloy-steal impeller. Three refreating
blade limitation* blades. Reference (%)
turbine
7 Propsller Yos No 0.54(Npg)0-67(Np0-25(u /1, )914 | 45-deg-pliched, four-blade Impslier. Equ-
limitation® ation is based on limited data with regard
to propelier pitch and vessel baffling for
deslgn purposes. Divide the h; obtained
with this equation by o factor of about 1.3.
Refarence (12}
8 Paddle Yes/ >4,000 0.36(Npea) 067 (Np) 033 /pny )8-14 | Vessel geomsetry Is provided by Holland
No . and Chapman, (17). Reference (13)
e Paddie Yes/ 20<Ng<4,000 0.415(Ng,)047 Vessel geometry Is provided by Holland
No K(Np 0330/ s, )0-24 and Chapman (7 7). Reference {14}
10 Anchor No 30<Np,<300 1.0(Ng) 047 (NpY0-33( /11,0018 | Vessel geomehry s depicted In Reference
(17). The overall coefficient, U, varies
Inversely with the anchor-fo-wall clearance
(18). Anchor-to-wall clearance is less
than 1 In. Reference (14)
11 Anchor No 300<Ngg<4,000 | 0.33(Np)057(Np)0-33(u/u,)018 | Same asin line 10
12 Anchor No 4,000<Np,<37,000 0.55(Np,)0-67 Vassel geometry is depicted in Reference
X(Np)0-25( /1., )0-14 (17). The overalt coefficient, U, varies
inversely to the anchor-to-wall clearance
(15). Anchor fo wall clearance of 1 to
5.125 in. Reference (12).
13 Helical No <130 0.248(Ngg)0-50(Np 033 o = Clearance, (D; — D)/2, ff,
ribbon XL/ 1.0 14ta/Dy-0.22¢/py-0.28 | D =impeller diameter, ft,
(/) H(e/DYE2U/D) i = agitator-fibbon pitch, #. Reference {16)
14 Helical No >130 0.238(Npe)0-67 (Np)8-33 Same as Line 13
ribbon XepeS 1y )0 14(/D) 025
*The data provided do not mention any Reynolds number limitations for the use with the Nusselt expression.

cient, U, is found from the equation

5—=—hl:+ﬁ§+5;~+ffj+hij (6)
where ff; and ff; are respectively the
fouling factors fhat apply inside the
vessel and inside the jacket, both in
(h) fi2)°FYBtu, A; is the film coeffi-
cient on the process side (inside sur-
face of the jacketed vessel) of the heat
transfer area, in Bta/(h)(ft2)(°F), &; is
the film coefficient on the inside sur-

face of the jacket (in the same units}, x
ig the thickness of the vessel wall, in
feet, and % is the thermal conductivity
of the wall, in Btw/(h)(ft2)(°F/f).

The values for the film coefficients 2
are found by rearranging the relation-
ship Ny, = ADglk, which is the defin-
ing equation for Ny, the dimension-
less Nusselt number (see box, p. 92),
and determining the appropriate value
for Ny, via the relationships in Tables
1 and 2. The procedure is illustrated in

the example at the end of this article.

In this discussion, we make two as-
sumptions, First, we assume that the
fluid specificheats do not vary with tem-
perature. Second, we assume that the
convection heat-transfer coefficients (h;
and #; of Equation [6]) are constant
throughout the heat transfer area.

In applying the equations in these
tables, take care that the physical-
property data are accurate. Of partic-
ular concern is the thermal conductiv-
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ity, k, whose values may not always be
readily available and can vary widely.

The system being designed should,
if possible, be similar geometrically to
the agitated vessel for which the ap-
plicable equations in Tables 1 and 2
were developed. For instance, all the
equations presented in the tables are
for vessels with dished bottoms. Other
geometry-related comments appear in
the Remarks column of the tables,

Batch heating and cooling

In batch operations, it is often neces-
sary to calculate the time, 8, needed to
heat or cool the contents of a jacketed
vessel from temperature {; to ¢y. Ina
simplified form, the relevant equa-
tions are as follows:

For heating:
T R ]
o=[22 {228 -
And for cooling:
o P |1y =T
o~

where T is the jacket temperature (see
next paragraph), m the mass of mate-
rial in the vessel and ¢, the specific
heat of this material.

Equations (7) and (8) assume that
the jacket temperature, is constant.
These equations can also be used in in-
stances where the difference between
the jacket inlet and outlet tempera-
tures is not greater than 10% of the log
mean temperature difference between
the average temperature of the jacket
and the temperature of the vessel's
contents. In applying these equations
to such instances, assign T the value
of the average jacket temperature.

If, instead, the difference between
jacket inlet and outlet temperature is
greater than 10% of the just-men-
tioned log mean temperature differ-
ence, then apply Equation (9) or (10):

For heating:

a1 Bf | P [ .k_) (9)
v

For cooling:

_o [ ti=Ty | ey (_k )
] (7] A R

where T is the jacket inlet tempera-

ture, W the mass flow rate through
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The mathematical expressions in the Ny, column in Tables 1 and 2 are the starfing
points for caleulating the film coefficients upon which heat transfer involving agitated
and jacketed vessels is based. These expressions involve several dimensionless numbers.
For convenience, we summarize here the usage of those numbers in the context of heat

transfer in agitated, jacketed vessels.

most chemical engineers is:

Nee = DVp/p

Nge= D2Np/ 1
forwardly as:
Np, = cou/k

Viscosity Number: This is defined as:
#f B

inator is the viscosily at the wall su
see the main text of the article

Ner = D,2p2gBAlG/ p2

N, = hD/k

Reynolds Number, Ng.: Two versions appear in the tables. The more familiar to

where Dis diameter, V is velocity, p is density and v is viscosity. This form of Ng, is used
in the mathematical expressions in Table 2, as indicated in its Remarks column, with the
diameter term consisting of D,, equivalent diameter, as defined in that column.

The other Ng, employed in Table 1, is known as the impeller Reynolds number:

where D is impeller diameter and N is the rotational speed of the agitator.
Prandtf Number, Np,: For all equations in Tables 1 and 2, this is defined straight-

where ¢, is specific heat, . is viscosity and k is thermal conductivity

in which the numerator is the viscos'iz’ at the bulk-fluid temperature whereas the denom-
ce femperature. For a discussion of its relevance,

Grashof Number, Ng,: This number, used in Line 18 of Table 2, is defined as:

where D, is equivalent diameter (see above), g is acceleration due to ravity, B is coef-
ficient of volumetric expansion, w is viscosity, and Aty is the difference
perature at the wall and that in the bulk fuid

Nusselt Number, Ny, Each of the mathematical expressions in the Ny, column in
Tables 1 and 2 is numerically equal to Ny, which is basically defined as {;ﬂ

where h is film coefficient, D is diameter and & is thermal conductivity. For Table 1, £ is
the inside film coefficient and D the vessel diamefer. For Table 2 h is the outside {i.e.,
jacket) film coefficient , whereas D is as defined in the Remarks column. g

tween the tem-

OW5!

the jacket, C the specific heat of the
fluid in the jacket and % is defined by
the following equation:

(%)

k=g WC (1
where A is the vessel surface area in
contact with the process fluid.

In Equations (7} through (11}, the
coefficient UV is assumed to be essen-
tially constant. If the temperature
range is large during heating or cool-
ing of the vessel contents and U ac-
cordingly varies significantly, the
range must be divided into small in-
crements, and the time it takes to
achieve each temperature increment
must be calculated separately.

Correcting for viscosity

Many of the relationships in Tables 1
and 2 contain a viscosity-correction
term, p/j,,, where p. is the viscosity at

the bulk fluid temperature and ., the
viscosity at the wall surface tempera-
ture. Although this term is often ig-
nored in practice, we advise its use
when the viscosity of the liquid being
heated or cooled (whether the process
fluid or the jacket fluid) varies signifi-
cantly with temperature.

In such cases, a wall surface tem-
perature must be estimated. This can
be done by trial-and-error via Equa-
tion (12):

by = T—{(T—t)/[h(%%ﬂ} (12)

where A, is the jacketed area based on
the outside vessel diameter and 4; the
area based on the inside vessel diame-
ter. This eguation assumes steady
heat flow through the jacket-side film
and negligible temperature drop
across the metal of the vessel wall. I,
as is often the case, the difference be-




QUATIO DR s () » D O
L) ) 3 »
Ling' Juckoi :
No.g Wpe D . : - | "
15 Annulur >IO,(}OD 0.027(Ng)0-8(Np)0-33(u /)0 14 For heat-transfer purposes, s Jacket can be
Jacket | %1 +3.5D,/D¢) consldered a speclal case of a helleal coll if cerdaln
with splral factors are Incorporated into equafions tor caleulaling
baffling outslde-film coefliclents. In the equations af left and
below, the equivalent heat franster dlameter, D, fora
rectangular cross-section is equal to tour imes the width
of the annular space, w, and D, Is the mean or centsrline
diameter of the coil helix. Velocities are calculated from
the actual cross-section of the flow areq, pw, where p Is
the pitch of the spiral baffle, and from the effactive mass
flow rate, W', through the passage. The leakage around
spiral bafftes s considerable, amounting to 35-50% of the
fotal mass-flow rate, W (20). To get a conservalive
outside film coefficient and avold testing, the effective
mass-flow rate should be taken to be about 60% of the
totat mass-flow rate to the jacket: W' ~=0.6W The Nusssit
number corresponding to the equation at left should be
oxprassed in tarms of D, (Ny, = hD,/k), as should the
Reynolds number (Np, = Dan/p.) k belng themnal con-
ductivily, V being velocily and p being densily. Reference (21).| |
16 | Annular <2,100 1.86{(Npe) (Np HD /L33 /11,3014 | Same as for Line 15. In the equation af left, L1s
jacket the length of coil or jacket passage, fi.
with spiral
bafiling
17 Annular  [2,100<Np, Obtain Ny, from Figure 4 of Reterence (29 or,
jacket = | <10,000 for grealer accuracy, use the equation of
with spiral line 15 or 16, depending on the value of Ng,.
baffiing
18 | Annular Laminar 1.02(Npg)045(¢Np)0-33(D . /1)04 o and b; are the outside and inside diamters
jacket, flow K (D)o Dpy-B(p /1) 0 4N )0.05 of the ]ucl(e! respectively. For this equation, Dy = Dyg ~ Dy
no baffles The Grashof number, Ng,, must be evaluated from fluid
properties at the bulk temperature. Reference (22).
19 | Annular <2,100 1.86((Npg) (Np(Do/L3)0-33( 1 /1, )0-14 | Same as for Line 18, The Nusselt and Reynolds
jacket numbers must be calculated with Dg as the
with spiral diameter ferm (as In Lines 15 and 16). Reference (2]).
batfling
20 | Annular Turbulent | 0.027¢(Ngg)93(Np0-33¢u /1, )0-14) For the equivalent heat-transter diameter for furbulent
jacket, flow X(1 + 3.5Do/D .} flow, use: Dy = (D o)2 (] ,)2)/D i Where Di, and by are
no batfles as defined for Llne 18. The cross-secﬁonal ow ared, A,
equals w({{D;.)? — (Dy,%)/4;. Reference (21).
21 | Annular 210<Ngq Obtain Ny, from Figure 4 of Reference (29) or,
jacket <10,000 for greater accuracy, use the equation of
with spirat Line 19 or 20, depending on the value of Np,.
bafiling
22 | Half-pipe | Laminar | 1.86{(Ngg){Np(Do/L))033(/1,)0-14 | When pipe coils are made with a semicircular
coil jacket |  fiow cross-section, By = wdy/2, whete d,; Is the inner diameter
of the pipe, in feet. For calcukiiing the velocily, the cross-
sectional flow area equals wd.2/8. When pipe coils are
made with a 120-deg central angle, D = 0.708 d and
the cross-sectional area equats 0.154(d )2, Reference (21).
23 | Haif-pipe |Tuibulent | D.827(Npg)92(Np)P-33(n /e, )0-14 Same as for Line 22. D, is the mean diameter
coil jacket flow X{1 + 3.5D,/D ) of the coil.
24 | Half-pipe |Transition Obtain Ny, from Figure 4 of Reference (29 or,
coil jacket |  flow for greater accurdacy, use the equation of Line
22 or 23, depending on the value of Npg
25 | Dimple Laminar | 1.86((Npe) (Npd(Da/10-33(p /11014 | The equivalent diameter, Dy, In a dimpled jacket
jacket flow equdls 0.66 in. The cross-sectional flow area equals
1.98 in.2 per foot of vessel circumierence. Reference (24).
26 | Dimple Turbulent | 0.27(Np.)0-8(Np)0-33(y. /1,014 Seae line 25, Because of lutbulence crealed by the dimples
jacket flow in the flow stream, the coefficlents so obfalined are not
very accurate, probably ering on the low side. If available,
coefficients based on experimental data should be used.
Reference (24).
27 | Dimplo Transition Obtdin Ny, from Figure 4 of Reference (29) or, for greater
Jacket flow accuracy, use the equation of Line 25 or 26, depending

on the value of Ng,.
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SOME COMPLICATIONS IN BIOTECHNOLOGY

tween A; and A, is negligible, Equa-
tion (12) simplifies to:

' ;Tw{(ﬂ"‘—t)/{ﬁ(%ﬂ}

In the first trial to estimate & as re-
quired for this viscosity-correction cal-
culation, assume {)/ p,,) does equal
1.0 when using the Ny, equations in
Tables 1 or 2. Unless the term varies
greatly from 1.0, one iteration should
be sufficient to establish #,,. The vis-
cosity at the wall, p, is then taken
from viscosity-vs-temperature data.
We assume that the ratio (uw/p,,) stays
constant as the temperature within
the vessel rises or falls during the
heating or cooling.

When a liquid is being heated, the
carrection term will be greater than
1.0, because liquid viscosity decreases
with increasing temperature; accord-
ingly, the corrected value of & will be
larger than the uncorrected one.
When a liquid is being cooled, the con-
verse will oceur.

(13)

Control, tracking, calorimetry
Temperature control — and, thus, the
heat-flow control — for a jacketed-ves-
sel system usually requires two sens-
ing elements, one in the vessel itself
and the other in the heat-transfer
medium. Resistance temperature de-
tectors (RTDs) are preferable to ther-
mocouples (CE, May 1998, pp. 90fT).
By use of a cascade loop, plant opera-
tors can control the temperature dif-
ferential between the vessel and the
jacket, and thereby prevent harm to
temperature-sensitive materials (such
as biochemical fluids; see box, this
page), particularly the portion near
the vessel wall.

Conversely, monitoring the temper-
atures of the vessel and jacket con-
tents can enable the engineer or plant
operator to track the course of the re-
action or physical transformation tak-
ing place. Such tracking may be espe-
cially useful for assessing the results
of changes in operating parameters,
such as the reactant feed rates or the
choice of catalyst.

Determining the effects of such pa-

important in plant design. Test runs
for that purpose, including such addi-
tional findings as reaction pathways
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In biotechnological manufacture, heat may be added to or removed from an agitated,
Eckeied vessei)E)r any of several process reasons, Among the the main reasons are the

llowing ones:

© Sterilization, in which case the lemperature must be high enough to kill essentially all
organisms during the total holding time

* Adding heot to reduce the water confent of a cell cake by drying

* Adding or removing heat in order to mainfain isothermal conditions. For example,
an anaerobic sewqge-ﬁudge digester that operates between 55 and 60°C may require
heat addition, whereas fermentation may require heat removal to keep the active cells
viable. And dlthaugh less heat transfer is involved, heat of metabclism must also be re-
moved from cell cultures

Cells are exiremely sensitive to temperature; in most cases, a cell culture must be held
within about 0.1°C of its opfimal temperature. Especially temperature-sensitive are ani-
mal cells, usudily kept at around 37°C.

Unforiunately, maintaining and monitoring the temperature of many cultures in agi-
tated vessels is complicated, because the stirring is slow and therefore the vessel-side
heat-transfer film coefficient is low. In such cases, the engineer must guard against an
unacceptable temperature gradient being set up between the vessel wall and the interior
portion of the contents,

Water, heated or cooled as necessary, is the usual femperoture—control medium in
bistechnological manufacture. The temperature of the water itself may be adjusted either
by direct injection of steam within the jacket, or by inclusion of a small heat exchanger
in the heat-transfer-fluid circuit. The latter option is usually the better, because direct
steam injection couses knocking and noises, and is difficult to control.

Although the accompanying article focuses on jacketed vessels, keep in mind that there
are other options for heat transfer in biotechnological {or other} operations. One is the
use of a piping coil immersed in the culture. And, small reactors under 30 L may be
heated or cooled by water passing through hollow baffles within the vessel, or heated by
a low-wattage electric-heater mat wrapped around the vessel,

The use of internal coils that present a large surface area may transfer the greatest
amount of heat. On the other hand, they intreduce a site for shearing forces, and make
it hard to clean the inside of the vessel. When hollow baffles are used, it is difficult to
mainfain the proper amount of heat transfer during operations in which the viscosity or
other properties of the culture are changing. Bafffes also entail a great dedl of shear.
When baffles are nevertheless the choice for a given design, they sﬁouid be removable

and easy to clean, and should not be installed against the vessel wall. ) |

and the heats of reaction are com-
monly made in laboratory-scale
calorimeters.

Carrying out a jacketed-calorimeter
study usually requires a continuous
measurement of the difference be-
tween the temperature of the fluid in
the laboratory calorimetry reactor
and that of the heat transfer medium
in the calorimetry-reactor jacket. The
Jjacket temperature is adjusted by a
thermostat.

The amount of heat flow through
the ealorimetry-reactor wall depends
not only on the temperature difference
between vessel and jacket but also on
the heat-exchange area and the over-
all heat-transfer coefficient. In 2
calorimeter, neither the area nor the
coefficient can be assumed to be con-
stant. The heat exchange area, 4, is
the area of the calorimetric-reactor
wall wetted by the liquid phase, which
depends not merely on the volume
present but also on the stirring speed.
The overall transfer coefficient, U, de-
pends on numerous parameters spe-
cific to the material and instrument,
such as stirrer speed, temperature,

and physical properties of the reactor
and jacket contents.

To lessen these complications, U
and A are in practice freated as a
product, The value of the product, U4,
is determined through calorimetric
calibration with the aid of electrical
calibration heating, by intreducing a
known amount of thermal power, g,
inte the reactor. The difference in
temperature hetween reactor and
jacket is noted. Then UA is calculated
on the basis of the relation:

eal

UA=
=)

{14)

where T, is the temperature of the re-
actor contents and T; is that of the
jacket fluid.

A new value for UA is ealeulated for
every calibration, and stored together
with the other measured values. Dur-
ing an experiment, any number of cal-
ibrations can be carried out, to take
into account known or likely changes
in UA. They should take place not only
before and after every reaction, but
also during the reaction if it is a rela-
tively slow one — for instance, a cell-




Several of the points developed in the main text are llustrated in this
sample problem:

An agitated, jacketed vessel having an 8- diameter (D) con-
tains 3,000 gal {401 #3) of process fluid having the properties listed
below. Iis agitator s a retreating-blade turbine, 3 ft in diameter (D),
turning at a speed N of 50 rpm. Neither the vessel nor the jacket con-
tains baffles. The inside and outside diameters of the jeicket, D and
D, are 8 & and 8.5 k, respectively. The process fluid is Leing
heated by a jacket fluid consisting of a mixture of ethylene glycol and
water, having the properties shown below.

Caleulate the overall heat-transfer coefficient, assuming that the
fouling factors and the vessel-wall resistance (x/k in Equation [4])
can be ignored and that {./ il equals 1.0 for the process fluid and
heat-transfer fluid alike. Also, calculate the fime required fo heat the
process fluid from 20 to 120°C, assuming that the heat-transfer fluid
enters at 130°C, leaves at 124°C, and flows at a rate of 100 gal/min
{0.22 #3/5).

The process fluid has these praperfies:

Density, p = 45 [b/#3

Viscosity, w = 10 [b/{ft)h)

Specific heat, ¢y = 0.7 Btu/(Ibj{°F}

Thermal conductivily, k= 0.42 Blu/[h){f2)(eF /)
The properties of the heat-fransfer flvid are as follows:

Density, p = 62.427 b/

Viscosity, . = 0.03 th/(E){h)

Specific heat, C = 0.905 Btu/(Ib)(F)

Thermal conductivity, k= 0.13 Bt/ thiFF/R)

Solution:

Ta. We first caleulate f;, thus working with the process-fluid proper-
ties and assuming turbulent flow. From Table 1, Line 4, we have the
following:

hiD]‘/k = 0-68(NRe]0'67(NPr)O‘SS{P‘/P-W}O'u

where
Nge = D2Np/ 1
= {3)2(50 revs/min x 40 min/h}{45)/10
= 1.21 % 105 {so0 the flow is indeed furbulent) and
Ner= o/ k={0.7)(101/0.42 = 16.67
Thus, substituting in the Table 1, Line 4 equation, we have:

h{8)/0.42 = 0.68(1.21 x 105|067
X (16.67)0.33(1)0.14,
so by = 230 Bru/{h){f2)(F]

th. Next, we calculate hi, working with the jacket geometry and the

heat-transfer-fluid properfies and assuming turbulent flow. From
Table 2, Line 20 {and recognizing that hi corresponds to h),

hoDa/k = 0.027{Ng J0-8{N;,10.33
X (/101401 + 3.5D,/D)

where in this case
Npe = DV /1
and

Dp=(D;2 - foz)/Dﬁ
= [B.512 - (812)/8 = 1.03 %

The jacket cross-section areq, Ay, is found as follows:

Ac=D2 ~ DA/4 = 648 2,

0
V=Q/A, =0.22/6.48 = 0.034 ft/s
Therefore,

Nre = [{1.03){0.034 ft/s x 3,600 s/h)

X 62.431/0.03
= 2.6 % 105 (so the flow is indeed turbulent], and

N, = coiu/k = {0.905){0.03}/0.13
21

Thus, substituting in the Table 2, Line 20, equation, we have:

hs{1.03)/0.13 = [0.027(2.6 x 105)0.8
X {0.21]0.33(1)0.14][1 + {3.5)1 .03}/8.25]

50 hy = h;= 63 Bru/(hi{fi2)(F)

lc. Based on h; and by, and the assumptions that x/k and the #terms
can be disregarded, we calculate U by subsfituting into Equation (4);

1/U=1/h; + 1/h|,-= 1/230 +1/63,
so U = 49 Bu/{h){f2)(°F}

2. To calculate the fime required for heating, we first compare the
log-mean temperature difference ATjr, between vessel and jacke
with the temperature drop AT within the jacket itself,

Al =1ty =To) = (4 - 7]

+In it =Tl - 1))

=[{121 - 124) - {20 ~ 130}

41n[(121 - 124)/(20 - 130)]

= —29.71 deg.
whereas AT= 124 - 130= —¢ degrees

Since AT is more than 10% of AT, we must use Equation {9)

rather than Equation {7}

= {Iﬂ [[T] - l‘;)/”'] - lej}{mcp/WC}
X {k/lk = 1}}

Now W, the mass flow through the jacket, equals the volumelric

flow, 0.22 3/, multiplied by the fuid density:

W={0.22 f3/5)(3,600 s/h)(62.43}
= 49,445 |b/h

and m, the mass within the vessel, is found similarly:

m = [3,000 gall[1/{7.48 gal/f3}]
X [45 1/83] = 18,048 b

The height of process fluid in the vessel equals

401 f3/[w(8 H)2/4], or 7.98 k. Therefore, the wall area in con-
fact with this fluid equals (7.98)(8), or 200.56 F2 The floor area
equals (8 #)2/4, or 50.27 &2, Accordingly, from Equation (11,
kis caleulated as follows:

k = elA/wWC
= exp {49){200.56 + 50.27)/49,445){0.905)
=exp (0.275) = 1.314

Therefore,

8 ={In (130 - 20}/{130 - 1210
X {(l8,048)(0.7]/{49,445)(0.905}}
x {(1.316)/(1.316 — 1)}
={2.503}{0.282){4.16} = 2.94 h 1
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culture growth that takes place over a
period of days.

The bases for mathematically ma-
nipulating calorimetric data are the
mass and heat balances around the
calorimeter system. The mass balance

is

as follows:

Reaction mass present at time ¢ =

algebraic sum of all dosing and sam-
pling operations up to time £

The heat balance for the system is (on
a rate basis) as follows:

4r * Qeal = Aftow T Dacen + Doy

+ Qloss T Qudd (15)

where:

gy

eat

= sum of the heat-production
rates of all physical processes
and chemical reactions during
the run

= calibration heating; namely,
the effective electrical power
supplied to the reactor

Gfow= heat flow through the reactor

wall, equal to UA(T, - T)

Ggcee= heat accumulation, equal to

mep(dT,/de)

Gdps = heat flow due to dosing of reac-

tants at a temperature not
equal to T,; equal to
(d-m'dos/ dz) (cp,das)(Tr Tdos)’
where the subscript dos per-
tains to the reactants dosed

Qloss = heat losses due to dissipation

via the internal fittings, a
function of (T} ~ Toom);

9o4q = additional heat flows, such as

those involving reflux con-
densers

In the calculation of the reaction

heat flow, g,, that term can be consid-
ered either collectively or individually
in terms of its components. Depending
on the problem, this allows the re-
quired cooling power, the heat output
of the actual heat reaction or other
heat outputs to be determined.* |

Edited by Nicholas P. Chopey

*For a more detailed discussion of reaction
calorimetry, see CE, May 1997, pp. 92ff.
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