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ABSTRACT KEYWORDS
Bioreactors are the heart of any bioprocess operations. Currently thereis Bioreactor;
a growing need for an efficient production of recombinant human thera- Pichia pastoris;
peutic proteins worldwide. Most of the biotechnology based industries Therapeutic protein;
prefer Pichia pastoris asahost system for producing recombinant human Scale up;
therapeutic proteins because of the high cell density and product yield Material balance.

obtained from this particular species. This paper describes the bioreactor
design procedure for producing 10kg yr* of recombinant human follicle
stimulating hormone through Pichia pastoris. The protein used in our
study isonly amodel for thiswork. Complete material and energy balance
calculationswere donein this study which is prerequisite for design calcu-
lations. It was cal cul ated that for producing 10kg yr of our model protein,
a26500L working volume bioreactor isrequired. Design calcul ationswere
carried out by fixing thek aas0.080 sec™. Mechanical design calculations
were also performed in this work. The novel design cal culation methods
presented in thiswork hereisvery easy to learn and easy for the designers
to design an efficient bioreactor for producing any proteins or enzymesin
an industrial scale by only changing the few variables such as the empiri-
cal formula of the microbe and product of interest, operating conditions
etc. © 2009 Trade Sciencelnc. - INDIA

INTRODUCTION cubic meters, and are often made of stainlesssteel.

Onthebasi sof modesof operation, abioreactor can

Bioreactor refersto any device or systemthat be classified as batch, fed batch and continuous.
supportsabiologicdly activeenvironment. Bioreactors  Organismsgrowingin bioreactorsmay besuspended
arecommonly cylindrica, ranginginsizefromlitersto  or immobilized. Bioreactor design isarelatively
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complex engineering task, whichisstudied in the
disciplineof biochemical engineering. Under optimum
conditions, themicroorganismsor cellsareableto
performtheir desired function with 100 percent rate
of success. Thebioreactor’s environmental conditions
likegasflow rates, temperature, pH and dissolved
oxygenlevels, and agitation speed/circul ationrateneed
to be closely monitored and controlled®. Most
industrial bioreactor manufacturers use vessels,
sensors and a control system networked together.
Thereare 2 different methodsfollowedtodesigna
largesca ebioreactor, either by theoretica caculations
or by any of anumber of commercial simulations.
Though thecommercia simulationsarefaster and
accuratethey arevery costlier for licenseld. Hence,
inthiswork thetheoretical approach for bioreactor
designwasusedwithmorecarein ca culation accuracy.

Theproductionof recombinant therapeutic proteins
began to bedevel oped morethan 25 yearsagol®# with
nowadaysmorethan 300 protei n productsonthemar-
ketorinlaeclinica stages®. Thevast mgority of these
proteinshavebeen producedinmicrobid (e.g., Escheri-
chiacoli, Saccharomycescerevisiae) or mammalian
systems(mainly ChineseHamster Ovary cells). While
prokaryoticsystemsareclearly superiorintermsof ease
of handlingandhighproduct yid ds, eukaryoteslikeyeed,
mammalian cell linesarefavoured when correct post-
trand ationa modification of theproteintarget isneces-
sary®®8, Thoughmammalian cdlsarehigher eukaryotes,
they faceabigproblemof contaminationand hugedown-
stream processing steps in industrial scale. Pichia
pastorisisoneof themethyl otrophicyeastswhichare
of bothacademicandindustria interest for thepast one
decade. It cangrow bothin glucoseand glycerol medi-
umsbut can ableto synthesiseor secret proteinsonly
under methanol medium under theactivation of alcohol
oxidaseAOX 1 promoter. Expressonof theAOX1gene
istightly regulated andinduced by methanol tohighlev-
elsof proteinsynthesiswhichisvirtualy, absentinglu-
coseor glycerol grown cells. Fermentation can becon-
ducted over awide pH range (3.0-6.0) at 30°C using
P.pastoris®. In comparison to Saccharomyces
cerevisae, Pichiahaveanadvantageintheglycosylation
of secreted proteinsbecauseit will not hyperglycosylate.
Both Saccharomyces cerevisiaeand Pichiapastoris
haveamagjority of N-linked glycosylation of thehigh
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mannosetype. One of thedrawbackswith Saccharo-
mycescerevisiaewasthat it did not haveastronginduc-
iblepromoter. Pichia pastorishasastronginducible
promotert’d. Consideringtheadvantageousand wide
industrial useof Pichiapastorisfor theproduction of
recombinant human therapeuticproteins, it hasconsid-
ered as a model organism in the present work for
bioreactor design cd culations. M oreover, wehavecon-
sidered humanfalliclestimul atinghormone, athergpeu-
ticproteinwhichisusedtotreat humaninfertility asa
model proteininour work. Our bioreactor design strat-
egy can be employed for any protein or enzyme by
replacingtheempirica formulaof thedesired proteinor
enzymeinthecalculation part. Thiscaseisapplicable
evenfor themicroorganismselectedinour work.

The method presented hereiseasy tolearn, and
offersaquick way to make preliminary estimates of
thebioreactor design parameters.

METHOD

M aterial balance

Thefirst epinabioreactor designcaculationisa
material balance. Calculationsweredoneinitidly for a
shakeflask fermentation conditions. Thewholefermen-
tation processwasdivided into 5 modesas shownin
TABLE 1 & thematerid balancewasdone’?. These5
modes are already optimized for Pichia pastorisfer-
mentation*”!,

Batch mode

Consderingglycerol asthecarbon sourceandam-
monium hydroxideasanitrogen sourcefor theinitia
growthof Pichiapastoris, andtheempirica formulafor
Pichiapagtoris(yeast) asCH, .0, N, , thefollowing
stoi chiometri cequationwasdevel oped*!.
C,H,0,+a0,+bNH,OH —cCH, .. O, N/,
+eH,0

Herea, b, ¢, d and eare stoichiometric coefficients.
Thebiomassyield for Pichia pastoriswastaken as,
Y =0.4gg* andthe percentage of ash content were
taken as8% in thiscal cul ation(*12,

Calculation of stoichiometric co-efficients

+dCo,

Molecular weight of glycerol
Molecular weight of biomasswith ash

c=0.4x

D)
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c= O.4£

26.73
c=1.376 mol biomass/mol glycerol
For calculating ‘a’, electron balance approach was
used¥.
wy,—4a=cy, 2
where w, y, and y, are number of carbon atoms in
substrate, degreeof reduction for substrate and degree
of reductionfor biomass.
w=3
s =[3x4 + 8x1 + 3x(-2)]/3 => 4.67],
Vg =[1x4 + 1.79x1 + 0.5x(-2) + 0.2x(-3)]/1=>4.19
Therefore, a= 2.06114 mol O,/mol substrate
For calculating ‘b’, Nitrogen balance approach was
usedy,
b = 0.20xc ©)
b=0.2752mol NH,OH/mol substrate
For calculating‘d’, Carbon balance approach was
usedy,
1376 +d=3
d=1.624 mol CO,/mol substrate
Findlyfor cdculating ‘e’, Hydrogen balance approach
was usedt,
8+ 4xb =179 + 2xe
e= 3.319 mol H,O/mol substrate
Hencetheoveral equation becomes,
CH, O, + 2061140, + 0.2752NH,OH—
1.376CH, . O, .N, ,+ 1.624CO, + 3.319H,0
OD,, valuefor Pichia pastorisis42 onceit reaches
the exponential phasd™?.
By correlation3,
Wet Cell Weight (WCW) = OD,,x0.22 4

=9.24¢gL?
Volumeof basal salt mediumtaken=1.5L
Volumeof TraceMeta Solution (TMS) taken=6.6mL
Volume of Inoculum taken=150mL
Therefore, Total volumeintheglycerol batch mode,
V =1.657L
Therefore,
Total WCW for 1.657L =9.24 ¢g/L x1.657L =15.31g
=15.31/26.73 = 0.5704mol

1mol glycerol yidds1.376mol biomasstherefore, moles
of glycerol requiredtoyield
0.5704mol biomass= 0.4145mol glycerol
2.06114mol O, yields 1.376mol biomass therefore,

————, FyurL PAPER

molesof O, requiredtoyield

0.5704moal biomass=0.8544mol O,

0.2752mol NH,OH yields 1.376mol biomassthere-
fore, molesof NH,OH requiredtoyield

0.5704mol biomass=0.1141mol NH,OH

Therefore, the overall stoichiometric equation can be
rewritten as,

0.4145CH,0, + 0.85440, + 0.1141INH,OH —
0.5704CH, .0, .N, ,+ aCO, + bH,0

By Carbon balance & Hydrogen balance, ‘a’ & ‘b’
vaueswerecdculated.

a=0.6731 mol CO,, b=1.4327 mol H,0

Therefore, overal equation at the end the batch mode
can berewritten as,

0.4145C,H,O, + 0.85440, + 0.1141NH,OH —
0.5704CH, O N ,+ 0.6731CO, + 1.4327H,0

179705 0.2

Fed-batch mode-|

Fixed volumefed batch was considered for our cal-
culations, wherethelimiting substrateisfed without di-
luting the culture. One of the advantage of thismethod
istheculturevolume can bemaintained practically con-
stant by feeding the growth limiting substratein undi-
|uted form and dternatively, the substrate can be added
by diaysiswithout affecting the culture volumeY. The
following calculationswere doneto eval uate the pa-
rametersand stiochiometric coeffientsin fed batchMode
| with glycerol assubstrate.

Initia volumeof fed batch,

V,, (at theend of batch mode) =1.65L

Fed batchtime, t, (fromTABLE 1) =22.5hr
Substratevolumetricflow rate,

F(fromTABLE 1) =24mLL*hr?

Volume of trace metal solution added,V,__=19.80mL
Fed batchvolume, V, =FxV xt =891mL

Total volumeat theend of fed batch,

V. =VHV, 4V, (5)
=2561mL

Massflow rate of thesubstrate, G =12gL* hr?

(Note: 100mL of 50% glycerol has50g glyceral; there-

fore 24mL of 50% glycerol has12 g glycerol)

Volume of 50% glycerol added per liter of fermentation

broth = 24mL L hrtx22.5hr =540mL L

For 1.65L of fermentation broth, volume of 50% glyc-

erol added=540mL/Lx1.65L=891mL

(Note: 50% glycerol=50g glycerol in 100mL of water)
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Therefore, Amount of 50% glycerol required,
S=(891x50)/100=445.50g
Final amount of biomass formed at the end of fed
batch-I,
X, =X +X,, (6)
where, X istheamount of biomassformed during the
batch mode & X isthe amount of biomass formed
only at theglycerol fed batch mode
= (X XV )H(GxY xt )xV, @)
= 291.84g
The specific growthratefor fed batch model wascal-
culated from thefollowing equation™,
p=(GxY ) /X, ®
pu=0.52 hr-
Therefore, stoichiometric equation for thisfed batch
modeisgiven by,
CH,O, + a0, + bNH,OH—cCH
dCO, + eH,0
Thestoichiometric coefficientsa, b, ¢, dand ewere
calculated by ssimilar way asin Batch mode operation
and thefina stoichiometric equation for thismodewas
deduced to,
CH,O, + 1.26390, + 0.4274NH,OH —
2.137CH,. O, .N, , + 0.863CO, + 3.1558H,0
Mass balance was carried out and tabulated in
TABLE2.

Fed-batch mode-l |

In this fixed volume fed batch mode operation,
methanol was used as a sol e carbon source and am-
monium hydroxideasanitrogen source. Sine, protein
expression commencesin Pichia pastorisunder metha
nol induction mode, theempirica formulafor our modd
protein humanfallidestimulating hormonewasa so con-
sidered in the product side of the stoichiometric equa
tion. Theempirical formulafor themodel proteinwas
obtained from ProtParam™ bioinformaticstool. The
following cal cul ations were made to eval uate various
parametersand stoi chiometric coefficientsfor fed batch
modell.

Initid volumeof fed batch,

V (at theend of fed batch model) = 2.561L
Fedbatchtime, t,_ (fromTABLE1)=6hr
Substratevolumetricflow rate,

F(fromTABLE 1) =10.9mL L*hr?

Volumeof tracemetal solution added, vV, _=30.732mL

BioTechnology —

O, N, 6 +

1.7970.5 0. 2

Fed batch volume,
V,, = FxV xt 9

0" "fb

=167.49mL
Total volumeat the end of fed batch,
V.=V, +V_+V =27592L
Massflow rate of the substrate, G=10.9gL* hr*
(Note: 200mL of 100% methanol has 100 g methanal;
therefore 10.9mL of 100% methanol has 10.9g metha-
nol)
Volumeof 100% methanol added per liter of fermenta-
tion broth=65.4mL L
For 2.561L of fermentation broth, volume of 100%
methanol added, = 65.4mL L1 x2.561L =167.49mL
(Note: 100% methanol =100g methanol in 100mL of
water)
Therefore, Amount of 100% methanol required,
S=167.49g
Final amount of biomass formed at the end of fed
batch-11,
X=X+ X, (10)
where, X istheinitial amounts of biomass present at
thestart of fed batch-11 & X, istheamount of biomass
formed at the end of fed batch mode-11= 364.0207g

Amount of Protein formed at thisFed Batch Mode-I1,
P=r xt, (1)
wherer _isthe product formation rate which can be
eva uated fromthefollowing relaionship,
= mxXxY (12)
where u isthe specific growth rate which decreases
withti meandeX istheProteinyiddw.r.t biomass. Spe-
cific growth rate can be calculated by the following
relationship,
p=(GxY )/x,
=0.0383 hr 1

10mg/L was assumed as the expression level of rh-
FSH and used to cdculatetheproteinyield, Y o which
was calculated as 7.1617x10°g g* for this mode of
operation. Therefore, stoichiometric equationfor this
fed batch modeincluding theempirica formulafor our
model proteininthe product sdeisgiven by,
CH,0+a0,+ bNH,OH - cCH, O .N ,
+eH,0+fCH, O, N

1.5570.27 031
The stoichiometric coefficientsa, b, ¢, d, eand f

were ca culated and thefinal stoichiometric equation

(13)

+dCO,
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for thismodewas deduced to,

CH,O0 + 0.99830, + 0.095793NH,OH —»
0.4789CH, O, N, + 0.52106CO, + 1.811H,0 +

179705 0.2

4.12744x10° CH, .,.O,..N

1.5570.27 "0.31
Mass balance was carried out and tabulated in

TABLE 3.
Fed-batch mode-1 11

Thefollowing calculationsweremadeto evauate
various parameters and stoi chiometric coefficientsfor
fed batch modelll.

Initid volumeof fed batch,

V, (at theend of fed batch mode 11)=2.7592 L

Fed batchtime, t, (fromTABLE 1)=48hr
Substratevolumetricflow rate,

F(fromTABLE 1)=15mL L hr?

Volumeof tracemeta solutionadded, vV, =33.1104mL
Fed batch volume,
V., =FxV xt,

=1986.624mL

Tota volumeat theend of fed batch, V.= 4.7789L
Massflow rate of the substrate, G=15g L* hr?
Volume of 100% methanol added per liter of fermenta-
tion broth=720mL L*

For 2.7592 L of fermentation broth, volume of 100%
methanol added=1986.624mL

Therefore, Amount of 100% methanol required, S=
1986.624g

Final amount of biomass formed at the end of fed
batch-111,

(14)

Xt: X0 + be

=1740.3419g
Amount of Protein formed at thisFed Batch Mode-lll,
P =r xt, (15)
u=0.04548 hr *

Y, wascalculated as 2.7564x10° g g for thismode
of operation.
Therefore, r p=(0.04548><364.0207>< 2.7564x10%)
=> 4.5634x10“g hrt
Therefore, P= P, + (r xt,)
=>0.02607 + (4.5634x10*x48)
=>0.04797¢g
Therefore, stoichiometric equation for thisfed batch
modeindudingtheempirica formulafor our modd pro-
teinintheproduct sdeisgiven by,

————, FyurL PAPER

CH,O + a0, + bNH,0H — ¢CH, .0, N, , + dCO,
+eH,0+fCH, O, N

1.5570.27 031
The stoichiometric coefficientsa, b, ¢, d, eand f

were ca culated and thefinal stoichiometric equation
for thismodewas deduced to,

CH,O0 + 0.998340, + 0.09579NH,OH —»
0.4789CH, O, -N,, + 0.5211CO, + 1.81085H,0

179705

+ 1.5892x10°CH, .0 N

1.5570.27 "0.31
M ass balance was carried out and tabulated in

TABLEA4.
Fed-batch mode-1V

Thefollowing caculationswere madeto evaluate
various parameters and stoi chiometric coefficientsfor
thisfinal fed batch modelV.

Initia volumeof fed batch,
V, (at theend of fed batch mode11) = 4.7789L
Fedbatchtime, t,_ (fromTABLE 1) =44 hr
Substratevolumetricflow rate,
F(fromTABLE 1) =2mL L*hr?
Volume of tracemetal solution added, vV, _=57.35mL
Fed batch volume, V, =420.5432mL
Tota volumeat the end of fed batch, V. =5.257L
Massflow rate of the substrate, G=2gL* hr?
Volume of 100% methanol added per liter of fermenta-
tionbroth=88mL L*
For 4.7789 L of fermentation broth, volume of 100%
methanol added = 420.5432mL
Therefore, Amount of 100% methanol required,
S=420.5432g
Final amount of biomass formed at the end of fed
batch-1V,
X =X, + X,=1925.391g
Amount of Protein formed at this Fed Batch-1V
(Methanol), P=r xt,
u=0.0022 hrt
Y, was calculated as2.7303x10°g g* for thismode
of operation.
Therefore, r p:(0.0022>< 1740.341x2.7303x10%)
=>1.0454x10*g hr?
Therefore, P.= P+ (r xt,)
=>0.04797+(1.0454x10*x44)
=> 0.05257¢g
Therefore, stoichiometric equation for thisfed batch
modeincludingtheempirica formulafor our modd pro-
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teinintheproduct sdeisgiven by,
CH,0+a0,+bNH,0OH - cCH, O, .N,,
+ eHZO + fc:H1.55C)0.27N0.31

The stoichiometric coefficientsa, b, ¢, d, eand
were calculated and thefinal stoichiometric equation
for thismodewas deduced to,
CH,O + 0.998340, + 0.095785NH,OH —
0.4789CH,_.O,.N,, + 0.5211CO, +1.81083H,0

179705 0.2

+1.57352 x10°CH, O ,.N .,
Mass balance was carried out and tabulated in
TABLEDS.
Therefore,
Total amount of biomassformed = 1925.391g
Totd amount of protein produced indll the 3 methanol

fed batch =0.05257¢g
Deter mination of bioreactor volume

In-order to produce 10kg yr* of our model pro-
tein, thevolumeof bioreactor to be used hasto becal-
culated. For ca culating the bioreactor volume, thefol-
lowing method was adopted A SM manua of industrid
microbiology and biotechnol ogy!*.

Targeted protein per year = 10kg yr?
Recovery factor® = 75% (Since extracellular)
Therefore, required amount of annud target-proteinto
be produced = (10/0.75) =13.333 kg yr*
Fraction of target protein present in the-secreted pro-
tein®1=90%
Therefore,
Tota proteinto be produced = (13.333/0.9)
=14.814 kg yr?
Torun onefermenter cycle, timetaken= Fermentation
time+ Downtime= 141 hrs+10 hrs=151 hr
Thereforeno. of cyclesto berun per year
= (365x24)/151=58 cyclesyr?

To produce 0.05257 g of protein per cycle-amount of
biomassneededis=1925.391g
Thereforeto produce 14814 g of protein per 58 cycles,
(i.e, 255.414 g cyclet)-amount of biomassneededis

=9354.61 kg biomass/cycle

=542567.38 kg biomassyr?
Final wet cell concentration =(1925.3919/5.257 L)

=366.253g L™
=0.366253 kg L*

+dco,

Totd volumeof broth
=(542567.38kg/year)/ (Fina wet cell conc.)

BioTechnology —

=1481400.507L yr*
Assumeonebioreactor

Working volume =(1481400.507L yr*)/58 cycles
=25541.39L
Actud volume
= (25541.39 L)/0.7[30% head spaceis accounted]
= 36487.7L =36500 L (approx)
Seed bioreactor volume = 36500x0.05
(Where 0.05isvolumeratio-Constant) = 1825L
Pre-seed bioreactor volume = 1825x0.05=91.25L
Inoculum devel opment bioreactor volume
= 91.25x0.05=4.563 L

Bioreactor design

Thefollowing dataswere used as astandard datafor
thedesign cal cul ationg %4,

Operating Temperature, T=30°C

Viscosity, u =25x10°kg mt sect

Density, p =1030 kg n®

Bioreactor Volume, V =36,500 L (or) 36.5m®

Y o =2.4145 99

Bioreactor design was divided into following 12
steps
Sepl
OTR=0UR
i.e, ka(C-C) = uxY , xX,
Herenisthespecific growthrate. Thisvalueistaken
as0.0022 hrt (whichislowest among other pvaluesin
the seriesof both batch and fed batch fermentations).
k aVolumetric oxygen transfer co-efftin sec*
C*-Equilibrium concentration of oxygeninmg L
C-Bulk concentration of oxygeninmgL™?
C*wascal culated from the below correl ation,
C*=14.161-0.3943 T + 0.007714 T2-0.0000646 T*
C*= 14.161-0.3943 (30) + 0.007714 (30)%-
0.0000646 (30)3
C*=7.5304 mg/L
Thevaue of Cis10% of C'*Y, Henceit was calcu-
lated as,
C=0.75304 mg L+
X, isthefinal biomassconcentration

=XV,
X, = 9354.61/25541.39
X, =366252.97 mg L+
Therefore,

Hn Tudian Jounual
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k a= (uxY,, x x)/(C - C)
k a=(0.0022x2.4145x366252.97)/6.7774
k a=287.06 hrt
k a=0.080 sec*
Sep 2
V = (n/4)x (D)2 xH_
Where, V isthe bioreactor volume.
D, isthebioreactor diameter.
H_ istheheight of liquidinthehbioreactor.
Generaly inbioreactor, diameter will beequd toliquid
height(9l,
Therefore, V= (n/4)x (D,)?
(D,)*=36.5x (4/n)
D,=3.5953m
Usudly theratio of tank diameter totheimpeller diam-
eter should be 3, (D,/D=3)™"
where D, istheimpeller diameter of the bioreactor
D.=3.5953/3=1.1984 m
Tank diameter wasrounded off to D= 3.3masit should
belesser thanthecal culated vaue'”. Similarly, theim-
peller diameter was selected as 1.3 m asit should be
greater than the cal culated valug'”. Trail and errors
were doneto obtain thesevalues.
Therefore, H = (V/D,)x(4/m)
H=4.3m
Hence, (D, /D))" =(3.3/ 1.3) =2.54
& (H /D) =(4.3/1.3)=3.308
Sep 3
Agitator speed N was selected as 228rpmon trail and
error basis*” such that, tND, should be greater than
25ms?
i.e, N=3.8rps
Sep 4
Gasvelocity, v, should belessthan 125m/hr a so, the
calculated Q, should be lessthan 0.6x(1.3)°<(3.8)/
(3.3)*°therefore, it was selected as 124 m/hr after trail
and error.
v,=0.0344 ms*
Volumetric gasflow rate, Q,=V,xA
Q,=0.0344 x(m / 4)x(D,)?
Q,=02942 m*s*
Therefore, vwm= Q, (inmPmint)/vV
vwm=17.676/36.5
vvm = 0.4843

Sep 5
Cdculation of ungassed power:
N .= 0xNx(D,)?/ p
N_.= 1030x3.8x (1.3)*/ 25x107
N..= 2.65x10°
Fromfigure 1, N, VsN__by considering ruston tur-
bing8,
N.=8
But N.=P/ (p xN*x(D)°)
Hence, P= N, x(p xN®x(D)?)
P = 8x1030x(3.8)*x(1.3)°
P=1678783.774 \Wetts
Sep 6
Correction for geometry
F=[(D,/D) x(H/D)T"/[(D,/D)x(H/D,)]"
F =[ 2.54 x3.308 |2 /[ 3x3]"?
F=0.97
Therefore, corrected power,
P =0.97xP
P.=0.97x1678783.774
P_=1628420.261 W
Sep 7
Correction for number of impdlers
[(H-D)/D]>N>[(H -2xD)/D]
231>N,>131
Therefore, N=2 (Impellers)
Hence ungassed power, P, =2xP,
P, = 21628420.261
P, =3256840.522 W
Sep 8
Correction for aeration
Flow number, N,=(Q_))/(Nx(D)
N, =0.2942/ (3.8x(1.3)%)
N, = 3.524x10°?
Fromfigure2, (Pg/P) VsN,, by considering flat blade
turbing 8,
(P/P,) =0.78
Therefore, P =0.78xP,
P, = 2540335.607 W
Sep 9
Determination of k a
k @a=[0.0333/ (D)1] x(Pg/V)°'541x(Qg)°'541’sq”‘D’
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HereDisD,
k &= 2.81x10* x416.72 x0.6946
k a= 0.081 sec™
Sincethecalculated k aandthetarget k aaremoreor
less equal, the parameters which were assumed and
calculated were accepted and the design is perfect.
Moreover, 10% deviationisaccepted usudly between
calculated & target k a*”.
Sep 10
Gasholdup & head spacecalculation
D= (V,— VIV =L8 x(P )% x(v )*"
P.=P/(pxV)
P _=2540335.607/(1030 x36.5)
P =67.57 W kg*
Therefore, [1-(V /V)]=1.8 x(67.57)°* x(0.0344)°™
V. =49.31m?
But, V_ = (n/4)x(D,)? xH
H, "= 49.31x(4/n)/(3.3)
H =577m
Allowing 10% head space, H "=6.35m
Sep 11
Calculation of heat duty: (Ener gy balance)
Heat released, Q = -Q
Qshaft: Pg
Q.= 2540335.607 J/sec
Q.= 2540335.607x3600/ 4.184
Q.= 2185757.214 kcal hrt
Qe = (XY g XX))
Heremaximum p value (fed batch glycerol phase) was
considered.
i.e.u=0.52hrt
Therefore, Q__=(0.52x2.4145x366.253)
Q . =459.85¢gL*hrt
Q.= 524516.41 gmol hr*
1 gmol of O, produces 460x10° Jenergy,
Therefore524516.41 gmol hr*of O, would produce,
=2.413x10® kJhr?
=57672.08 kcal hr
Therefore, Q=-2185757.214 -57672.08
Q= 2.243x10° kcal hrt (or) 2606.864x10° J st

Tofind amount of cooling water required
Q= mxC xAT
Therefore, m= Q/(CprT)

BioTechnology —

met Qshaft

C, of water = 75.4 Jmol°C?

AT=(T,-T,), whereT, isthewater outlet temperature
and T, isthewater inlet temperature.

AT = (25-10) = 15°C

Hence, = 2606.864x10%(75.4x15)

m = 2305 mol water sec* (or) 41.5 kg water sec™.

Step 12

Mechanica design: (for bioreactor)
1) Cylindrical portionthickness,
t,=(PxD[(2:4)~(P)]
where, P =1.5x10° Pa(Design pressure)
‘f’for S.S @ 30°C =310x10° Pa
Joint Efficiency, J=0.85
Therefore, t =0.94mm
2) Ellipsoida head thickness,
t =(PxD,)[(2xfJ)~(0.2)x(P)]
Therefore, t =0.94 mm
3) Crownradius, R =D, =3.3x10°mm
4) Knuckleradius, R =0.06xR =198 mm
5) Support thickness (Skirt)=usualy 20-40 mm
6) Nozzledesign: Fermenter working volume,
V =25.54139 m?
Flow rate=V /t
‘t’ is the time required to fill =45 min
Therefore, flow rate =(25.54139/45x60)
=9.46x10°3 m?® sec!
Nozzlearea=flow rate/liquid velocity
Liquidvelocity=2m s?
Therefore, Nozzlearea=[9.46x10%/2]
=4.73x10° m?
(n/ 4)x(D,)* = 4.73x107
HenceD, (Nozzle Diameter) =77.60 mm
7) Cooling coil requirement: From heat duty cal-
culation, Q=2606.864x103%J)/sec But
Q=UxA x(AT,). Where, U istheoverall heat
transfer coefft = 850Wm?K* & AT isthe
logarithmic mean temperaturedifference
=(AT-AT,)/In (AT /AT)
AT, =(30-10)=20°C
AT,=(30-25)=5°C
Hence AT, =10.82
Therefore, A =283.44 nv?
AvallableareaA,=nxD_ x(H ")
A,=60m?
(mxNxD xH ) = (A-A)
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here ‘N’ is the number of cooling coil turns.
N, = (283.44-60)/nx3.3 x4.3) =5 turns.
Thesummary of overdl cadculated resultswere
tabulated in TABLE 6 and based on the re-
sults, abioreactor was draw with 1:50 scale
(Figure3).

RESULTS

Materid balanceresultsfor dl themodesof opera-

- T
E \{am'inar Flat-blade turbine
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Figure2: Sandard graph for (Pg/P)VsNQ

TABLE 1: Sandard fer mentation conditionsfollowed for

Pichia pastoris
2:'?15(; Stage Mode Feed substance (;eﬁl_r/ﬁs
0-20 Growth Batch None Not applicable
20-42.5 Growth Fed-batch ~ 50% Glycerol 24
425-43 Starvation  batch None Not applicable
43-49 Induction Fed-batch  100% Methanol 10.9
49-97 Production  Fed-batch ~ 100% Methanol 15
97-141 Production  Fed-batch ~ 100% Methanol 2
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FOAM BREAKER
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—CoOLING COIL

—FLAT BLADE
TURBINE

i
—

STERILE AIR

INLET
:

SPARGER

=L

(Scale-1:50, all demensions are in “mm?”)
Figure3: Bioreactor configuration with the calculated de-
sign parameters

TABLE 2: M assbalancefor Fed-Batch M ode-|

M ass out
1.3767 mol Biomass = 33.853g
1.6233 mol CO, = 71.4252g
3.456 mol H,0 = 62.208g
Total mass out = 167.49g

Massin
1 mol Glycerol = 92.0000g
2.0604 mol O, = 65.9328g
0.27534 mol NH,OH = 9.6369g
Total massin = 167.57g

TABLE 3: Masshalancefor Fed-Batch M ode-1 1

Massin Mass out
1 mol Methanol = 32.0000g

0.9983 mol O, = 31.94569

0.4789 mol Biomass = 11.776g
0.52106 mol CO, = 22.93g

1.811 mol H,0 = 32.598g
4.12744%10°mol Protein=0.000917g
Total mass out = 67.3059

0.095793 mol NH4OH= 3.3528¢

Total massin = 67.2984g

TABLE 4: M assbalancefor Fed-batch mode-111

Mass out
0.4789 mol Biomass = 11.776g
0.5211 mol CO, = 22.93g
1.81085 mol H,0 = 32.5953g
1.5892x10® mol Protein = 0.000353g
Total mass out = 67.3017g

Massin

1 mol Methanol = 32.0000g
0.99834 mol O, = 31.9469g

0.09579 mol NH,OH = 3.35265g

Total massin = 67.29955¢g
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TABLE5: Massbalancefor Fed-batch mode-1V

Mass out
0.4789 mol Biomass = 11.776g
0.5211 mol CO, = 22.93g
1.81083 mol H,0 = 32.595¢g
1.57352x10° mol Protein = 0.000349g
Total mass out = 67.30135g

Massin
1 mol Methanol = 32.0000g
0.99834 mol O, = 31.9469g

0.095785 mol NH,OH = 3.3525¢g

Total massin = 67.2994g

TABLE 6: Overall design calculation results

S.No Design parameters Values
1 H. 4300 mm
2 H 5770 mm
3 H 6350 mm
4 D+ 3300 mm
5 D; 1300 mm
6 N 3.8rps
7 N; 2
8 Vg 34.4mms*
9 Qq 0.2942m*s*
10 vvm 0.4843
11 Q 2606.864x10° Js*
12 m 41.5 kg water s*
13 te 0.94 mm
14 te 0.94 mm
15 R 3300 mm
16 Ry 198 mm
17 Dn 77.60 mm
18 N+ 5turns
19 J(D+/12) 275mm
20 E (D+/3) 1100 mm
21 W (Di/5) 260 mm
22 L (Di/4) 325 mm

tions gave atotal amount of biomass synthesised as
1925.391g and thetotal amount of protein as0.05257g.
Thesevaueswereused to cal cul ate the bioreactor vol-
umerequired to produce 10kg/year of our mode! pro-
tein (FSH). It was cal culated that 25541.39L working
volume bioreactor isrequired to synthesizethetarget
guantity of themodel protein. Furthermore, fromthe
ca culated working volume of the main bioreactor, the
volumes of seed, pre-seed and inoculum bioreactors
were also found out as 1825L, 91.25L and 4.563L
respectively. Fromtheworking volumeof thebioreactor,
theactual volumewas cal culated as36,500L. Theac-
tual volumewas used inthedesign calculations. The

k awascalculated as0.080 sec*. Thedesign calcula-
tionswere performed with varioustrail and errorsin
order to obtain the samek avalue which wasone of
thecriteriafor checking the considered design param-
eterswerecorrect in thistheoretical design procedure.
Once, both thek avalueswere nearly equal, the as-
sumed design parameterswere considered to fit best
for the bi oreactor and then mechanica design wascar-
ried out to eval uate the mechanical design parameters
with different relaionshipsavail ablefrom literature. All
the assumed parameters and cal cul ated valueswere
tabulated inTABLEG6.

CONCLUSION

Thebioreactor desgn cdculationsusedinthiswork
iseasy tolearn and offersaquicker way for preliminary
cdculationsof thebioreactor design. Thismethod also
enables the designers to scale up and optimize the
bioprocess. By using thismethod thedesigner d'so es-
capesthe costly smulation softwarelicense. Moreover,
thiswork was completely carried out with plenty of
assumptionssincethedesignistheoreticaly done. So,
if the exact experimentd valuesareavailablefor apar-
ticular protein or enzyme production using aparticular
microbe, then definitely the gpproach used in thiswork
will benefit thedesignersto come up with exact design
parameters.
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