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ABSTRACT: The Arabic bath of Hernando de Zafra is on Calle Elvira at the junction with Callején de San Andrés,
in Granada’s historic city centre. The bath complex, also known as the Casa de las Tumbas, includes a kiln or boiler, a
hot room, warm room, cold room and adjacent auxiliary spaces and annexes. The aim of this research is to gain a better
understanding of the thermodynamics behind ancient Arabic baths in general and the bath of Hernando de Zafra, in
particular, the performance of the boiler, the firewood required, the opening and closing of the skylights, the thermal
inertia of the bath as a whole, etc. On the basis of the exhaustive amount of data collected in the building itself we were
able to create a highly detailed model of the bath with its skylights, windows, ducts, hypocaust, floor paving etc. All these
data have been transferred to a virtual architectural model which has enabled us to test the range of situations that might
have arisen during the phases of turning-on and starting-up, maintenance and turning-off of the boiler system. The model
has revealed fascinating details that would previously have been impossible to imagine or surmise purely by observing the
bath’s archaeological and architectural remains. The conclusions offer important information in relation to how these
baths really worked and the methodology applied could also be used to analyse other similar cases.
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1. INTRODUCTION

A rabic baths are generally

structured  around  three
main rooms: the cold room or bayr
al-barid, the warm room or bayt
al-wastani and the hot room or
bayt al-sajun. They often also had
a changing-room or bayt al-maslaj.
The furnace and the place for sto-
ring the wood that fuelled it were
also essential for the bath to func-
tion correctly. In the Arabic Bath of
Hernando de Zafra these spaces are
easily identifiable today, although
situating the entrance hall is diffi-
cult. It is possible that the typical
Arabic bath layout may have been
adapted to fit into an existing street
system, which forced them to alter
the traditional design and build
the entrance from the alleyway of
the Calle San Andrés into the cold
room by its short side, instead of
crosswise [Illustration 1]. In fact,
the architectural drawings of the
Bath of Hernando de Zafra by An-
tonio Almagro' support the theory
that the alley gave onto a corridor
leading to a large space, perhaps
corresponding to today’s court-
yard, from which people entered
the cold room. The remains of the
old changing-room can perhaps be
identified amongst the ruins of the
complex’s rear courtyard.

A constant flow of water was re-
quired to enable both mosques and
baths to function properly, which
is why they are often situated quite
near each other?. This was also be-
cause the rules of Islam required peo-
ple to make their ablutions prior to
entering the mosque so as to purify
their bodies. The supply of water to
the bath was frequently linked to the

city’s network of water channels, as
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happens in this case. It seems that the Bath of Hernando de Zafra re-
ceived a continuous flow of water from a branch of the Axares wa-
ter-channel’, also known as the Acequia de San Juan. This water-chan-
nel started at a fork in the City Water-channel (dceguia de la Cindad),

1. TARMA. Levantamiento de planimetria de los Baios de Hernando de Zafra, firmaco por la
empresa Tarma. Granada: unpublished, December 2004. Drawn up by Antonio Almagro.

2. SORROCHE CUERVA, M. A. Estudio histérico del Basio de la Puerta de Elvira, de Her-
nando de Zafra o Casa de las Tumbas, de Mignel /11;7(g'c'/ Sorroche Cuerva. Granada:
unpublished, November 2002.

3. MALPICA CUELLO, A. Granada, Ciudad Isldmica. Mitos y Realidades. Granada:
Asukaria Mediterrdnea, 1998.
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which drew its water from the river Darro. In addi-
tion, the bath was built on a slight slope which made
storage and drainage of the water by gravity easier.

The ancient original name of this bath is unknown
and it has passed into local history with the name of
its first Christian owner, Hernando de Zafra. It is also
known by its popular nickname “The House of the
Tombs” (Casa de las Tumbas), which arose at a later
stage when the bath was occupied and converted into
houses, and the people involved thought they had un-
covered graves in the old vaults of the bath complex.
Of the 21 Arabic baths that once existed in the city
of Granada during the Islamic era, only half a dozen
survive today, of which this is the last still pending res-
toration. After describing the historical context of the
Bath of Hernando de Zafra, we then present a study
of the thermodynamics behind its operation. This
study has been conducted by analysing this one spe-
cific bath, but could also be applicable or comparable
to other Arabic baths with similar designs.

2. HISTORICAL REFERENCES TO THE
BATH OF HERNANDO DE ZAFRA

There are no records of the bath’s existence until
the Awgaf of the mosques of the city of Granada and
its outlying estates (Habices de las Mezquitas de la cin-
dad de Granada y sus alguerias) from the 16th centu-
ry made a passing reference to it when referring to the
area around the Church of San Andrés:

“A corral [group of small dwellings laid out around
a central courtyard] at the end of the other blind
alley, [...] is valued at one hundred and fifty-five
maravedies. A house in the street of the bath, un-
der the cemetery, adjoining the house of Catalina
and the vegetable garden, is [...] rented for three
hundred maravediies a year”.

After the conquest of Granada, the bath was acquired
by Hernando de Zafra, Lord of Castril, and Secretary
of the Reyes Catdlicos, King Ferdinand and Queen Is-
abella, who perhaps granted it to him directly. The
Royal Academy of History has an interesting biog-
raphy of Hernando’. The nickname, “the House of
the Tombs”, seems to have sprung from the shapes of
the group of skiff vaults as seen from above, from the
trasdos. In the mid-19th century, the Guidebook for

artists and travellers in Granada explained that this
nickname dated from the early 18th century:

“It took this name— House of the Tombs— at
the beginning of the last century [and did so] base-
lessly, as even the most ignorant person must have
known that it was a public bath of the Arabs. Today
the building is in ruins and all that remains are the
strong mortar walls and the vaults, which belong
to two houses and have been cut into pieces as best
suited their owners. Although it is full of rubble,
the rest area and the hall with the pond can be vis-
ited. The latter which has now been converted into
a wood store, measures six yards [varas] square and
is covered by an elegant vaulted ceiling with that
complex design that professors refer to as “cloister
corner”. The ceiling is supported by twelve arches
resting on twelve columns of Macael marble with
ancient capitals, which seck to imitate Corinthian
capitals [the author is referring to the warm room,
although the number of columns and arches do
not coincide with any possible interpretation of
this space]. In the centre, there are remains of the
cold-water tank and it is surrounded by a gallery cov-
ered with cylindrical vaults with little domes at the
corners. All of these vaults, which are made of brick
and are extremely solid, are symmetrically pierced
by small skylights at different angles which are star-
shaped and help to light up the inside, which has no
windows and only narrow doors. On the north side,
there is a room in the gallery or corridor, which may
have been used by the faithful to undress and in the
east, another one —today blocked up— which was
the hot-water tank or boiler. In the southern part,
according to tradition, there was a delicious garden
full of fragrant flowers with marble fountains and
ponds, pieces of which can still be seen, buried in the
courtyards of the houses™.

This description highlights the pitiful state that the
building was in even then. It seems that its walls
and vaults had survived, after being transformed,

4. VILLANUEVA RICO, M2. C. Hdbices de las mezquitas de la
ciudad de Granada y de sus alquerias. Madrid: Instituto Hispa-

no-Arabe de Cultura, 1961, pp- 76-77
5. https://dbe.rah.es/biografias/17092/hernando-de-zafra, consul-
ted on 23/05/2024.
6. JIMENEZ SERRANO, J. Manual del Artistay del Viajero en Gra-
nada. Granada: Don Quijote, 1846, pp. 302-304
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adapted and reused as dwellings. Descriptions of
this kind about this ancient bath which had been
reused as houses were frequent in the following
decades. Three decades later, in 1878, a book en-
titled Descriptive study of the Arabic monuments
of Granada Seville and Cordoba (Estudio descrip-
tivo de los monumentos drabes de Granada, Sevilla
y Cordoba) was published, offering a brief review
of the state of the Bath of Hernando de Zafra, al-
though without any direct mention of its name:

“Near the Church of San Felipe, there are remains
of some Arabic baths, which we should not forget,
because they have a square floor plan and are a lit-
tle different from the others in terms of their lay-
out. They are situated in one of the most Moris-
co neighbourhoods of Granada where there are
many courtyards with ponds and porticos with
slender columns, ground-floor rooms with decora-
tive ceilings and remains of colours. The gate known
as Puerta de Elvira is very nearby [...]. Returning to
the baths, of particular note are the capitals, which
should perhaps be referred to as Mozarabic, because
the Gothic and Roman influence is evident™.

The most exhaustive description, so far, of the Bath
of Hernando de Zafra was published in 1892 in the
lengthy, detailed Guide to Granada (Guia de Grana-
da), which described a visit to the site as follows:

“This is the name they give to an Arabic bath pre-
served in house number 3 of the adjacent street,
Calle de los Naranjos; its entrance seems to have
been the same as the original and leads to an alley-
way at the end of which there are two ogival arches,
leading to a courtyard. Before leaving, on the right-
hand side there is a small segmental arch, through
which one enters a small entrance hall with
another arch opposite which leads to a large
room. The skiff-vaulted ceiling of this room has
largely collapsed; on the right there is an opening
with a horseshoe arch and another very wide arch
opposite, separating a small room, on whose sides
there are tiny chambers with small skiff vaults like
all the others in the bath, in which the star-shaped
and octagonal skylights that traverse them are of
special note. The pond in this area is modern.

A doorway formed by a segmental arch gave on
to the main room of the bath, corresponding to
the tepidarium in Roman baths; it has galleries

on three of its sides and a large square area in the
middle, which is also covered by a skiff vault, and is
connected to the galleries with nine slightly point-
ed, horseshoe arches which are supported on col-
umns. Signs can be seen of earlier restoration work,
perhaps to take up the floor, in which the springers
of the arches were removed and the columns were
replaced. Two of the columns and the capital from
another column belong to the 14th century, in that
the capitals are cubic in shape and the shafts have
rings at the top, as was the custom at that time.
The others are made of puddingstone and are
too big for their capitals, which must have come
from Visigoth or Caliphate-era buildings. Other
horseshoe and segmental arches cross the galleries
at the corners; on the right-hand side, there is a
small room in ruins and at the front there was an
entrance to the chamber used for the steam baths,
which today is entered through the house at num-
ber 143 of the Calle de Elvira.

This room is rectangular in shape and has alcoves
at either end, each one separated by two horse-
shoe arches, now almost destroyed; at the front
there is a wide segmental arch, corresponding to
the room with the furnaces for heating the wa-
ter. This room has two doors: one gives on to
the courtyard and the other onto a gallery with a
rectangular pavilion vault. Inside the right-hand
alcove, another horseshoe arch opens onto a small
room for bathing, which would have had its own
pond or water deposit.

Unfortunately, this building is in a most terri-
ble state of abandonment and is extremely dirty,
having suffered considerable damage. Its com-
mon name comes from the skiff vaults which,
seen from above, look like tombs; shortly af-
ter the Reconquest it was known as the bath
of the Gate of Elvira or the bath of Hernando
de Zafra. As regards the period in which it was
constructed, we believe that it dates from the
14th century, the period to which the columns
described earlier correspond, as does the mason-
ry work on some of the walls and the slightly
pointed arches; however, it is possible that the

CONTRERAS, R. Estudio descriptivo de los monumentos drabes de
Granada, Sevilla y Cérdoba. Granada: Imprenta y litografia de A.
Rodero, 1878, p. 353. Consulted at https://archive.org/details/
estudiodescriptOlcontgoog on 23/05/2024
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1l. 2. General view of the current state of the warm room.

former had some later repair work done to them, in which
case they could be one or two centuries older”™®.

In 1910 the Map of Arabic Granada (Plano de Grana-
da drabe) was published, with a drawing of the Bath of
Hernando de Zafra with a caption referring to its current
status as an “Arabic building and construction [that] has
disappeared”. A new guidebook appeared in 1961 entitled
Granada. Historical and Artistic Guide to the City (Grana-
da. Guia Artistica e Histdrica de la ciudad), with a more
detailed description than its predecessors. It mentioned the
restoration of the vaults, which were in good condition in
spite of the neglect and dirt:

“Near to the entrance from the street, of house number 3 of
the Placeta de los Naranjos, there are some remains of an Ar-
abic bath known as The House of the Tombs and earlier as
the Bath of the Gate of Elvira and of Hernando de Zafra. It
was demolished at the beginning of this century, and most of
its vaults, columns and arches were destroyed. Some of them
have survived and almost all the walls. The building dates
from the 12th to 13th centuries, and its name comes from
the tomb-like appearance of the skiff vaults that covered the
rooms. These vaults had star-shaped and octagonal skylights
for lighting purposes. The bath consisted of the same rooms
as all baths of this kind and its segmental and horseshoe arches
stood on columns (puddingstone with capitals, undoubtedly
reused, some Gothic, some from stone blocks (cantales) and
some from the 14th century added during subsequent refur-
bishment works). Today, what remains of the bath occupies
part of the sites of several houses and a garden, and is accessed
via an alleyway in the Calle de San Andrés, through an en-
trance hall at the right of which there is a small room covered
with a cylindrical vault and a skylight, a room that connected
to the “apodyterium” through a horseshoe arch and on the left
of the entrance hall, a semicircular arch led to a corridor with
an L-shape in which two pointed arches survive today. This
comes out in the courtyard. Of the original “tepidarium”, all
that remains, apart from its perimeter wall, are three arches™'.
Various other descriptions appeared over the course of the 20th
century, and in the 21st century a restoration process began with

8. GOMEZ MORENO, M. Guia de Granada. Granada: Imprenta de Indalecio
Ventura, 1892, pp. 328-330.

9. SECO DE LUCENA, Luis. Plano de Granada drabe. Granada: Patronato de La
Alhambra y el Generalife, 1910. Consulted at https://www.alhambra-patrona-
to.es/ria/handle/10514/5481 el 23/05/2024

10. GALLEGO BURIN, A. Granada. Guia Artistica e Historica de la Cindad. Gra-
nada: Editorial Don Quijote, 1982, pp. 318-319.
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the expropriation of the houses, a detailed study of the
remains, an archaeological excavation, a stratigraphic
study, the selective demolition of the 19th and 20th
century houses and the propping up of the entire
complex'’, all of this prior to drafting a project for the
consolidation of the bath which led to the thermody-
namic study of its operation presented here [I1. 2].

3. OBJECTIVES OF THIS ARTICLE:
TO FILL IN SOME OF THE

GAPS IN OUR HISTORICAL
KNOWLEDGE OF THE BATH

Both the lack of detailed historical information
about the use of the building, -information that
is frequently impossible to uncover-, and the cur-
rent state of the Arabic Bath of Hernando de Zaf-
ra, resulting from its use as part of several different
houses, and the time elapsed since its construction
prevent us from knowing much about the thermo-
dynamics behind its operation. The same happens
with other Arabic baths from the al-Andalus era
which survive today in the Iberian Peninsula. We
have some knowledge of their architecture but the
intricate details of how they worked are unknown.
We do not know for example how long the furnace
was lit for, the fuel required to reach the desired
temperature, the space required to store this fuel,
the performance of the boiler, the way the heat
was transmitted, the opening and closing of the
skylights, the thermal inertia of the whole com-
plex, the height of the draw of the ventilation flues
above the trasdos of the vaults, etc.

After an exhaustive process of data collection in-
side the building, a highly detailed model of the
complex was created with its skylights, doors and
windows, flues, as well as the hypocaust and the
flooring immediately above it etc. All these data
were transferred to a virtual architectural model to
test the different scenarios that might arise during
the phases of lighting and starting up the furnace,
keeping it going and finally putting it out. The
model has enabled us to uncover details that previ-
ously could never have been imagined or theorized
solely on the basis of observation of the archaeo-
logical and architectural remains of the complex.

11. The studies conducted since the beginning of the 21st century include:

- BLANCA LOPEZ, L. & RAMOS MOLINA, J. Memoria de intervencion
preventiva de los Bafios de Hernando de Zafra de Granada, de Lourdes
Blanca Lopez y Julia Ramos Molina. Granada: unpublished, 2003.

- BURGOS JUAREZ, A. Informe preliminar de la intervencion arqueoldgi-

ca realizada en el solar n° 109 de la calle Elvira de Granada, del arquedlo-

90 Antonio Burgos Judrez. Granada: unpublished, 23rd February 2004.

BURGOS JUAREZ, A. & PUERTA TORRALBO, D. Informe técnico de

la intervencion arqueoldgica de urgencia realizada en los Basios Arabes de

Hernando de Zafra (Casa de las Tumbas) en Granada, de los arquedlogos
Antonio Burgos Judrez y Dolores Puerta 1orralbo. Granada: unpublished,
20th June 2000.

- BURGOS _]UAI{EZ, A; PUERTA TORRALBO, D. & CABRERA
JIMENEZ, E. Avance del informe del seguimiento de los trabajos arque-
oldgicos y de conservacion en la Casa ne 107 de los Bafios Arabes de Hernan-
dode Zafra en la calle Elvira de Granada, de los arquedlogos Antonio Bur-
908 Judrez, Dolores Puerta Torralbo y Eduardo Cabrera Jiménez. Granada:
unpublished, 17th December 2004.

- ESPINAR MORENO, A. L. & LOPEZ-OSORIO, J. M. Anteproyecto de

restauracion del Bajio Arabe de Hernando de Zafra en Granada, de los

arquitectos Antonio Luis Espinar Moreno y José Manuel Lipez Osorio.

Granada: unpublished, 2003.

LOPEZ-OSORIO, J. M. et al. Andlisis y estudio histdrico-constructivo del

Bario de Hernando de Zafra de Granada. Patronato de la Alhambra y

Generalife. Universidad de Mlaga. 2024.

SEBASTIAN PARDO, E. M.& RODRIGUEZ NAVARRO, C. Estudio de

los materiales de construccion de los Baiios de Hernando de Zafra o Casa

de las Tumbas de Granada, de Eduardo M. Sebastidn Pardo y Carlos
Rodrignez Navarro. Granada: unpublished, November 2001.

- SEBASTIAN PARDO, E.; DE LA TORRE LOPEZ, M:]. & CULTRONE,
G. Segundo informe de caracterizacion de materiales de construccion de los
bafios Hernando de Zafra de Granada, de Eduardo M. Sebastidn Pardo,
Maria José de la Torre Ldpez y Giuseppe Cultrone. Granada: unpublished,
December 2004.

- SORROCHE CUERVA, M. A. Estudio historico del Baiio de la Puerta de
Elvira, de Hernando de Zafra o Casa de las Tumbas, de Mignel Ahgc[
Sorroche Cuerva. Granada: unpublished, November 2002.

- TARMA. Levantamiento de planimetria de los Baios de Hernando
de Zafra, firmado por la empresa Tarma. Granada: unpublished,
December 2004.

- VEGAS, F. & MILETO, C. Andlisis estratigrifico murario de los Barios

Arabes de Hernando de Zafra (Casa de las Tumbas), en Granada, de

los arquitectos Fernando Vegas y Camilla Mileto. 1* entrega. Granada:

unpublished, November 2001.

VEGAS, F. & MILETO, C. Andlisis estratigrdfico murario de los Baios

Arabes de Hernando de Zafra (Casa de las Tumbas), en Granada, de

los arquitectos Fernando Vegas y Camilla Mileto. 2¢ entrega. Granada:

unpublished, March 2004.

- VILLANUEVA RICO, M C. Casas, mezquitas y tiendas de los habices
de las iglesias de Granada. Madrid: Instituto Hispanodrabe de
Cultura, 1966.

- VORSEVI S.A. Reconocimiento de una edificacion. Bafios drabes de
Hernando de Zafra (Casa de las Tumbas), Granada, de la empresa
Vorsevi S.4. Granada: unpublished, 31st October 2001.

VORSEVI S.A. Estudio realizado en los Basios Arabes de la Casa de
las Tumbas en Granada, de Vorsevi S.A. Granada: unpublished 16th
November 2004.
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4. STATE OF THE ART OF
THERMODYNAMIC STUDIES
OF BUILDINGS OF THIS KIND

Arabic hot baths were greatly influenced by those
in the Roman world, basically copying their designs
in terms of spatial layout and functioning, albeit at
a smaller scale. Over the course of history, the name
al-hamma has always been related to the heating
process (hamma= to heat; al-hamma house of
baths with hot water)" . In his study of the baths
in the city and the province of Granada®, the me-
diaeval historian Manuel Espinar Moreno, states
that Arabic baths “are descendants of other periods
in history such as the Greek and Roman ages”, ex-
plaining that although less monumental, they serve
the same hygienic and medical purposes and are
linked to the religious need to purify oneself before
prayers.

This means that in terms of both their construction
and architectural design, Arabic baths conserve the
necessary details inherited from Roman civilization
in which the transmission of heat and the principles
of thermodynamics became the fundamental basis
for making the best possible use of the heat energy
produced by fire and adapting it to the composition
of the building in an efficient, carefully studied way.

It is important to add that the wide proliferation of
buildings of this kind in the towns and cities high-
lights the fact that a large part of the population
needed to use them. The baths were not therefore
for the private enjoyment of a fortunate few and in-
stead were intended for widespread use by the general
public, albeit without such a strong social function
as in Roman civilization in which the bath could be
a place for political meetings, family agreements, etc.

This article focuses on thermodynamic studies car-
ried out previously on historic buildings, with a wid-
er scope than Arabic baths in general and the Bath of
Hernando de Zafra, in particular, which serves here
as a case study and for testing the application of the
software. Itis not easy to find research based on soft-
ware applications using computational techniques to
study fluid dynamics in ancient buildings. The use of
other finite element calculation programmes would
have required much longer calculation times (about

ten times longer), given the complex volume of the
building being studied and the numerous hypotheses
that have been proposed.

The publications we consulted used tools such as
ANSYS FLUENT, also based on Computational
Fluid Dynamics (hereinafter, CFD). This offers
more precise calculations with much slower data
processing. It is also used for processing the final
analyses for more complex geometries, as described
by Gagliano'. For their part, T. Basaran, and Z. Ilk-
en'” used these programmes to establish at a smaller
scale the energy efficiency of an underfloor heating
system as compared to a heating system based on
wall radiation.

Other studies that follow similar methods are also
worthy of mention. These include those by Stéphane
Potier and his team', which provide early examples
of the importance of computational techniques ap-
plied to different hypotheses about archaeological re-
mains. The research by Kristina Orehounig'” studies
the transmission of energy inside traditional baths,
while the objective of Taylor Oetelaar’s investigation'®

12. VIGUERA MOLINS, M, J. “Origenes del hammam (‘bafio 4rabe’)
Significado y funciones”. In Al-Mulk: anuario de estudios arabis-
tas, 17 (2019), ne 17, pp. 15-30.

13. ESPINAR MORENO, M. Documentos sobre basios drabes de la pro-
vincia de Granada. Libros EPCCM, col. Bolsillo ne 2. Granada:
Grupo de Investigacion Hum-165: Patrimonio, Cultura y Cien-
cia Medievales, 2018. http://hdl.handle.net/10481/52588

14. GAGLIANO, A. ¢t al. “Thermo-hygrometric behaviour of Ro-

man thermal buildings: The Indirizzo Baths of Catania (Sicily)”.
Energy Build, 138 (2017), pp. 704-715.

15. BASARAN, T. & ILKEN, Z. “Thermal analysis of the heating sys-
tem of the Small Bath in ancient Phaselis”. Energy and Buildings,
27/1(1998), pp. 1-11.

. POTIER, S.;; MALTRET, J. L. & ZOLLER, J. “Cumputcr graphics:
assistance for archaeological hypotheses”. Automation in Cons-
truction, 9 (2000), pp. 117-128.

17. OREHOUNIG, K. & MAHDAVI, A. “Energy performance of

traditional bath buildings”. Energy and buildings, 43 (2011), pp.

—
[

2442-2448.

o]

. OETELAAR, T. et al.. “A computational investigation of a room
heated by subcutaneous convection- A case study of a replica
Roman bath”. Energy and buildings, 63 (2013), pp. 59-66; OE-
TELAAR, T. “CFD, thermal environments, and cultural lmrimgc:
Two case studies of Roman baths”. In: IEEE 16th International
Conference on Environment and Electrical Engineering (EEEIC).

Florence, Italy, 2016, pp. 1-6.
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was to study the results of the application of compu-
tational methods in the hot rooms of Roman baths.

The most direct application of software pro-
grammes in this field was studied by one of the
authors of this article, Santiago Tormo, in a PhD
thesis entitled The great thermae of Mura (Lliria).
Study applied to the hydric and thermal function-
ality of Roman hot bath complexes”. In this re-
search, the author demonstrated, by means of a
long sequence of hypotheses, the usefulness of
these computational calculations and their appli-
cation to help improve our understanding of the
functioning of hot bath buildings.

The study conducted by Krarouch ez 2/.?" is also
of interest here, although it does not include
CFD simulations that would have enabled a
more detailed analysis of the hot-air flow be-
haviour, heat distribution and heat transfer in-
side the bammam, so complementing the energy
and exergy results obtained by the model created
by the TRNSYS (Transient System Simulation
Tool) calculation tool. This would have enabled
them to optimize, even further, the design of
the heat emitters and the heat distribution, so
improving the efficiency of the system and the
thermal comfort of the users. In short, CFD
provides added value when it comes to under-
standing the spatial behaviour of the heat inside
the hammam, something that TRNSYS models
from a more overall perspective.

Lastly, we must also cite the research by Sakinah
et al.” whose main conclusion was that the Kash-
miri hammam, as a traditional heating system,
offered a high level of thermal comfort by means
of conductive heat thanks to its design with high
thermal mass, although it has various deficiencies
that must be addressed in terms of ventilation,
safety, and energy efficiency. The authors empha-
size that the heat performance and sustainability
of the hammam could be improved without jeop-
ardizing its cultural value, by means of strategies
such as participative design, improving airflow
and using cleaner and safer heat sources checked
using CFD.

5. METHODOLOGY APPLIED IN
THE STUDY OF THERMODYNAMIC
FUNCTIONING USING

SOFTWARE MODELS

The simulation of the lighting and functioning of
the furnace in this bath has been conducted with the
help of two software programmes which analyse flu-
id dynamics using finite volumes. Starting from the
premise that the principles of thermodynamics and
fluid dynamics are unchanging, the most complex
aspect of the process was to establish the necessary
hypotheses corresponding to the possible scenarios
that might arise in a bath of this kind, so as to en-
sure that the result was as close to the real situation
as possible. The software programmes used in these
simulations were Fire Dynamics Simulator (FDS
6.0) and Smokeview. Both programmes were cre-
ated by the Building and Fire Research Laboratory
of the NIST (National Institute of Standards and
Technology)* in collaboration with VI'T Building
and Transport, from Finland, and other prestigious
institutions with the original objective of studying
and preventing the spread of fire. This technology
has also proved enormously useful in studies ana-
lysing the movement of flows by natural convection
inside buildings with simple geometry. In this case,
we were not looking for a qualitative result based on
all the parameters analysed, seeking instead to under-
stand the functioning of the original bath system on

19. TORMO ESTEVE, S. Las termas mayores de Mura (Lliria). Estu-
dio aplicado a la funcionalidad hidrica y térmica de los complejos
termales romanos. PhD thesis. Valencia: Universitat Politécnica de
Valencia, 2017. https://doi.org/10.4995/Thesis/10251/90567

20.

KRAROUCH, M. et al, ALLOUHI, A., HAMDI, H., € OUTZOUR-
HIT, A. (2024). “Energy, exergy, environment and techno-econo-
mic analysis of hybrid solar-biomass systems for space heating and
hot water supply: Case study of a Hammam building”. Renewa-
ble Energy, 222 (2024), 119941.

21. SAKINAH, S. et al, HAMID, M., CHOPRA, P, BABA, A. A., SA-
HIR, A. H, € SWEENEY, D. J. (2021, October). “Kashmiri
Hamam: An exploration of technical design within traditional
architecture and culture”. In 2021 IEEE Global Humanitarian
Technology Conference (GHTC). Seattle, WA, USA, 2021, pp. 319-
326 (pp. 319-326). IEEE.

22. https://pages.nist.gov/fds-smv/index.html This website offers

access to the technical information about the two program-

mes, which can be downloaded free of charge. Consulted on
24/05/2024.
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the basis of the analysis of the remains of the build-
ing. The ultimate aim was to provide a valid basis
for the restoration work that is due to be carried out
and to try to understand the importance of certain
details of the construction that appeared during
previous research studies, so enabling, for example,
the discarding of unrelated elements added after the
building had ceased to be used as a bath.

Computational Fluid Dynamics (CFD) uses trans-
port equations, also known as the mass, momentum
and energy conservation equations, all of which
are fundamental in physics and engineering in gen-
eral, and especially in fluid mechanics and in heat
transfer and systems dynamics. These are, firstly, the
mass conservation equation, in which mass is not
created or destroyed, and which expresses that tem-
poral change in mass in a volume plus the net flow
of mass entering or leaving must be zero. Secondly,
the momentum conservation equation (Newton’s
second law in fluids) and the Navier-Stokes equa-
tion (general form), which describe the equilibrium
between the forces that act upon a fluid (pressure,

viscosity and gravity) and the acceleration of the
fluid and are the basis for predicting the movement
of fluids. Finally, the energy conservation equation
(general form or first law of thermodynamics for a
fluid system), according to which the change in the
internal energy of the fluid is due to the work done
by pressure, viscous dissipation, heat conduction and
internal heat sources. In addition to these equations,
we have also taken into account the following equa-
tions used in energy transmission: i) for conduction,
Fourier’s Law; ii) for convection, Newton’s Law
of Cooling; and iii) for radiation, the Stefan-Boltz-
mann Law.

For the conditions in the surrounding area, nor-
mal environmental conditions in Granada were as-
sumed: 20°C, sea-level pressure, no wind, and rela-
tive humidity of 80%. As this is a model with fixed,
invariable geometry, these conditions only apply in
the mouth of the furnace, at the outlets from the two
chimneys and in the last door to exit the bath. All
other aspects are unaffected by the conditions, which
have therefore not been taken into account.

The values used for the different parameters were as
follows:

BRICK

MORTAR LIMESTONE ROCK

Conductivity:
Specific heat capacity:
Density:

Emissivity:
Thickness:

Initial temperature:

0.814 W/(m_K)
0.921 kJ/(kg _ K)
1800 kg/m3

0.9

0.1m

20 °C

0.98 W/(m_ K) 1.8 W/(m_K)

0.99 kJ/(kg _ K) 0.712 kJ/(kg _ K)

1500 kg/m3 2200 kg/m3
0.98 0.9

0.03 m 0.3 m
20°C 20°C

We decided to use these programmes for the simula-
tion because they have proved highly successtul when
it comes to generating the geometry of the building
and because of their simplified management of the
complex equations, which allowed the results to be
obtained more quickly than with other programmes
such as the finite elements calculation, which would
have taken ten times longer to make the calculation™.

23. DUFOUR, A. Simulacion Mediante la Mecdnica Computacio-
nal de Fluidos de Escenarios de Incendios Reales en Recintos In-
dustriales. Unpublished PhD thesis. Barcelona: Escuela Técnica
Superior de Ingenieros de Barcelona, UPC, 2006; GAGLIANO, A.
et al. “Thermo-hygrometric behaviour of Roman thermal buil-
dings: The Indirizzo Baths of Catania (Sicily)”. Energy Build,
138 (2017), pp. 704-715.
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The Fire Dynamics Simulator simulates, calcu-
lates and resolves the thermodynamic behaviour
of fire by conduction, radiation, and above all con-
vection, in a previously defined model. The pro-
gramme considers the model as a body formed by
three-dimensional cells to which its physical prop-
erties (such as density) and thermal properties
(conductivity, specific heat capacity) are assigned,
and where some cells correspond to solid bod-
ies (walls) and others to cavities (air)*. The pro-
gramme carries out a mathematical operation with
all the thermodynamics equations affecting each
situation of each cell. In this way, at the end of the
calculation process, we can obtain the result of the
hypothesis proposed on the basis of the properties
of each cell and of the surrounding conditions in-
put into the model™.

This software is designed to model the air flows
and heat transfer in settings in which thermal con-
vection and variations in density play an import-
ant role. In this case, the fluid has been modelled
as air, considered as a Newtonian medium, com-
pressible at low velocities and with a density that
varies in line with temperature. The low velocity
formulation characteristic of FDS has been used,
in which the variations in pressure are mainly as-
sociated with differences in temperature (hydro-
static pressure), and the inertial dynamic terms
are ignored.

The thermal behaviour of air has been modelled
using the energy equation, including the effects
of conduction, convection and, when applicable,
radiation, with thermophysical properties that are
constant or dependent on temperature, according
to the particular configuration. The solid materials
present in the domain were considered rigid and
non-deformable with homogeneous thermal con-
ductivity, specific heat capacity and density proper-
ties. Heat transfer was assumed to take place by con-
duction in solids, and by convection towards the
fluid, without structural coupling or deformations.

The simulation was carried out in its transitory
phase with temporal resolution adapted to the par-
ticular thermal phenomenon being studied. The
set of hypotheses adopted enabled us to realistical-

ly represent the behaviour of the hot air flow and
its thermal interaction with the surrounding ele-
ments, both those of the furnace (very high tem-
peratures and velocities) and those of the inner
(hot, warm and cold) rooms of the building (lower
temperatures and velocities) through the interac-
tion of the two scenarios due to the conduction of
heat in these two settings.

The Smokeview (SMV) software facilitates the
graphic visualization and analysis of the results
obtained during the processing of all the para-
metric files and data generated by the calculation
(by increasing the time interval considered, the
dimension and the number of cells, more data is
obtained, so producing more accurate results). It
also enables the final outcome to be represent-
ed in three dimensions, much more clearly, and
generates readings at specific points in the space
throughout the whole process.

6. COMPUTATIONAL
MODEL FROM THE
ARCHITECTURAL MODEL.

A virtual architectural model was created, sim-
plifying the geometry of the building without
neglecting aspects relating to heat transmission in
both solid materials and fluids, such as the height
of the rooms, the height of the hypocaust space
and its connection with the furnace, the thickness
of the small pillars and the floor of the hypocaust,
the thickness of the walls, their material composi-
tion, the distance between skylights and flues, the
position of the furnace and the communication
between the various rooms [Il. 3].

24. ESTEBAN, E.; ARAMAYO, A. & CARDON, L. “Implementacién
de modelos de turbulencia tipo LES (Large Eddy Simulation) a
una cavidad calentada por debajo”. In: DVORKIN, E; GOLDS-
MITH, M. & STORTI, M. (eds.). Mecdnica Computacional, vol.
XXIX. Santa Fe: AMCA, 2010, p. 5538.

25. DUFOUR, A. Simulacion mediante la mecdnica computacional
de fluidos de escenarios de incendios reales en recintos industriales.
Unpublished PhD thesis. Barcelona: Escuela Técnica Superior de

Ingenieros de Barcelona, UPC, 2006.
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1l. 3. Image from the software model.
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1l. 4. Diagram of the three-dimensional mesh of the bath.

Sensores de
temperatura del
aire interior

Sensores de
temperatura del

aire interior l

Sensores de
temperatura
de superficie

)

1l. 5. Location of the sensors inside the rooms.

A mesh was constructed, formed by over 2 mil-
lion cubic cells with a 10 cm-edge which repro-
duce the forms of the walls, vaults and floors of
the building and the space contained within them
[Il. 4]. These three-dimensional cells individually
generate thermodynamic equations and transmit
their results to the adjacent cells. The software re-
solves these millions of equations and their spa-
tial development and evolution at each point in
time, reproducing the thermal flow of the build-
ing in each situation. The choice of this cell size
and the procedure applied are based on similar
calculations made in previous research on Roman
baths by some of the authors of this article®.
Virtual monitoring was carried out by collecting
data from the post-process points or “virtual sen-
sors”, situated at strategic points within the model
so as to provide information about temperature,
air velocity vectors, and flows in certain points of
the space such as the rooms, the hypocaust, the
chimneys or the mouth of the furnace, the tem-
perature of the surfaces, the isotherms at 30> 40°
and 50°C, and the distribution of gases and air in
the hypocaust [Il. 5]. It also allows videos to be
made to check the evolution of air flows and their

temperatures.

7. PROPOSED TESTS

Once the virtual geometric reproduction of the
room had been prepared and we had input the
parameters for the materials and the dimensions
of the flues, skylights, doors and the mouth of
the oven provided to us by the architectural and
archacological model, we then began to work on
the simplified geometry part by part, so as to make
sure that the flows were working and in this way
resolve any small uncertainties or ambiguities.

In the first group of tests we determined the most
suitable cell size on a simplified geometry. These
tests concluded that the study was viable, in thatit was

26. TORMO ESTEVE, S. Funcionalidad hidrica y térmica de los com-
/)/(*/'(),r termales romanos. Las termas mayores de Mura en Llivia
(Valencia). Valencia: Generalitat Valenciana, 2021.
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possible to assess the influence of many parameters in
the transmission of heat by conduction through the
materials and by convection of the flows, both inside
the furnace and inside the other rooms. The follow-
ing parameters were studied in different geometries:
the dimensions of the combustion chamber, the di-
mensions of the hypocaust, the number and arrange-
ment of the pillars, the position of the outlets of the
chimneys in the hypocaust (as proposed by the team
of archaeologists), the number of chimneys (two in-
stead of four judging by the surviving traces) (check
that the system worked with just two of them), the
interior section of the chimneys, and their exterior
height. All of these construction details were checked
and studied in terms of their influence on the ideal
functioning of the bath, so as to determine their ge-
ometry and their correct location.

Due to the large number of factors that had to be
studied, we ruled out the possibility of carrying
out the study with another kind of software as it
would have been excessively costly to modify the ge-
ometry many times over and to carry out very long,
time-consuming tests in all cases. This justifies our
decision to use the software described above, which
allows the geometry to be altered quickly and makes
calculations in multiple processors, so as to obtain
results for the analysis in just a few days.

Once we had demonstrated the validity of the soft-
ware for our desired purposes, we then proceeded
to build a complete model of the complex, accord-
ing to the plans provided by the architecture and
archaeology team.

Around 30 simulations were carried out with pro-
cessing times of up to four days.

The functioning time modelled was programmed
until the values of the variables and parameters
stabilized, and could oscillate between 3,000 and
4,000 seconds.

The mesh size was chosen on the basis of the di-
mensions of the building being studied and the
need to optimize the processing time, striking a
balance between accuracy and feasibility. It is also
important to point out that the differences between
the temperatures reached were not very large, and
as the flow speeds were not very high, an ideal cell
size of 10 cm was chosen. With a smaller cell size,
the study would have provided practically the same
results while considerably increasing the processing
time. The same geometry was found with 20 cm
and 10 cm cell sizes and in both cases the results for
the flows and temperatures ran practically parallel
to each other [Il. 6 and 7].

11. 64 and 6b. Simplified geometry with a model with mesh with 20 cm and 10 cm cell sizes in order to ascertain the ideal cell size.

CUADERNOS DE LA ALHAMBRA | number 54 | 2025 | pages 157-177



170 Fernando Vegas Lépez-Manzanares | Camilla Mileto | Santiago Tormo-Esteve | Eduardo Loma-Ossorio Blanch
Flujo de gases a través de horno
10
Rt L L LT LY STy L L i
038 y
s
0.6 75
- //
= o,
Y ,2 ll
B T B e s A B e S e S A A
BT TP Y
\—r—“"‘:/
04 =
06
Tiempo (s)
===Geom. 10¢cm ——Geom. 20 cm
Temperatura en interior del horno
800
700 7
T o P
e "
£ 500 ’ \
g FE N
g "™ s \
< e Fi \ \
a 30 ! » \\f
= \ —
-~ y EE
100 / Cal? \“- ’l ‘=--”__t .
[
¢ 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 9¢ 95 100
Tiempo (s)
===Geom. 10¢cm ——Geom. 20cm

1l. 7a and 7b. Flow and temperature results in the calculations
made with models with 20 cm and 10 cm mesh.

7.1. TEST 1: EFFICACY OF THE
FURNACE AND OF THE HYPOCAUST

The first hypothesis is based on testing the perfor-
mance of the furnace and the hypocaust in terms of
their capacity to transmit heat towards the interior
of the hot room. For this purpose, a reduced geom-
etry of the model was generated with just the hypo-
caust and the first room (hot room) [Il. 82 and 8b)].
The calculations enabled us to test the functioning
of the combustion chamber and the dimensions of
the two flues connecting the hypocaust with the
outside; a closed system that prevented the gases
and smoke produced by the combustion from en-
tering the room, given that this could have resulted
in CO and CO2 poisoning [Il. 92 and 9b]. We also

1. 8a and 8b. Reduced geometry of the model focusing solely on the
hypocaust and the first room (hot room,).

took into consideration the skylights in the room’s
vaulted ceilings and the openings between the hot
room and the warm room, which transmit or dif-
fuse heat by radiation and convection of the air
inside the rooms.

In our analysis of the hypocaust, we demonstrat-
ed: i) the efficacy of the positioning, size and ex-
terior draw of the smoke outlets, given that the
hot air is distributed with uniform temperature
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1. 9a. Geometry of the hypocaust space and 9b. Diagram of the circuit created by the furnace,
hypocaust and outlet chimneys.
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floor of the hot room during the
Sfirst 30 minutes.

11. 11. Graph showing the temperature of the floor, which stabilizes 15 minutes (900 seconds) after lighting the furnace.

ranges across the floor of the hot room [Il. 10]; ii)
the natural circulation of the air at the height of the
mouth of the chimney, which is at a lower level than
the highest point of the furnace; iii) the balance be-
tween optimum extraction of the gases and heating
the materials that transmit the heat towards the inside
of the rooms; and iv) the time required to heat up the
floor of the hypocaust and the temperature at which
it stabilizes [II. 11].

In the hot room, the test showed that the sky-
lights in the vaults must have been closed while
the bath was in use and served solely for lighting
up the interior, given that if they are left open,
the rooms cool down quickly, so preventing op-
timum thermal efficacy and wasting thermal en-
ergy [I. 12]. The test also showed that the hot
air is distributed uniformly upwards in the hot
room [II. 13].
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11. 12. Changes in the interior temperature depending on the aperture of the skylights.
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11. 13. Vertical distribution of
19.35 the air detected by the sensors
situated inside the room.

Time: 1195.

1. 14a and 14b. Extended geometry of the warm room and of the whole building.
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11. 15. Movement of the hot interior air with closed doors (puertas cerradas) or open doors (puertas abiertas).

Using an extended geometry of the warm room and
of the entire building [Il. 14a and 14b], the various
different calculations showed that the increase in
temperatures in the warm room is the result of the
air circulation produced by opening the doors con-
necting the rooms. In this way, high temperature val-
ues are obtained in the warm room without it need-
ing to have its own hypocaust under the floor [11. 15].

The software model revealed that for the first few
minutes after the lighting of the furnace, the air flow
was inverted and blew back towards the outside of
the furnace. This phenomenon was due to the fact

that the air between the furnace and the chimney
outlet was still cold. Once this air has been heated
up, cold air begins to circulate towards the hot air,
which is less dense, through the hypocaust and the
flues until, finally, it leaves the chimneys to the exteri-
or. This circulation sucks cold air into the mouth of
the furnace, which is heated up when it crosses the
flames. At the same time, the flow of air guides the
flames towards the interior, so preventing them from
impacting directly on the brick vault. In this way, the
air temperature is increased substantially and opti-
mum combustion of the wood is achieved, so that
almost no smoke and ash are produced [11. 16].

Time: 10.01 L

o Time:q0.01 WL

Time: 100.0 I

11. 16. Evolution of the gases during the lighting of the furnace until proper circulation begins.
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7.2 TEST 2: THE HEAT OUTPUT IN THE
FURNACE AND THE TEMPERATURES
REACHED INSIDE THE HOT ROOM

The aim of the second test was to try to calculate
the heating load required to reach a certain tem-
perature range in the interior of the hot room typi-
cally required for a facility of this kind. We began by
studying the output required of the fire in the fur-
nace in order to bring the floor of the hot room up
to a suitable temperature. Three different outputs
were tested in three simulations with heat emission
rates of 100, 160 and 200 kW.

The results obtained highlight that with a furnace
output of 100 kW the temperatures in the floor of
the hot room would range from around 40° to 45°.
This output corresponds with a consumption of 12
kilos of wood per hour. If this consumption was
doubled to 24 kilos of wood per hour, an output of
200 KW could be achieved and the floor tempera-
ture would be well over 70°, which is estimated to
be above the admissible level. A consumption of
19.2 kilos of wood per hour would create an in-
termediate output level of 160 kilowatts with tem-
peratures of slightly over 60° C, more than enough
to produce the desired result. According to the data
obtained by the different virtual sensors situated at
different heights, we found that the air temperature
inside the room evolves with time and that tem-
perature rises from the bottom upwards [I1. 17].

LT

8. CONCLUSIONS

The virtual model applied in the Bath of Hernando
de Zafra and the software programmes for study-
ing the thermodynamics have revealed certain data
which would otherwise have been impossible to ac-
quire. As a start, we can affirm for example that the
layout of the Bath of Hernando de Zafra ensures
maximum efficacy with the minimum facilities.

The initial stage of lighting the furnace and putting
the bath into service only required between 60 to
80 minutes. The temperature of the hot room was
regulated by adjusting the amount of wood that
was burnt and the flow of air into the mouth of the
furnace. The combustion rate therefore depended
on two factors: the first was the fuel (the amount
of wood used) and the second, the amount of air
that entered the furnace so enabling combustion to
take place.

The two smoke outlets would have been sufficient
to extract the smoke from a fire with a heat output
rate of up to 500 kW, much higher than was neces-
sary to heat the inside of the rooms.

The temperature of the warm room could be increased
by opening the door linking it to the hot room. It is
important to observe that unpleasant draughts at
the height of the users were not created because the
air flowed upwards almost immediately after going
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11.17. Changes over time in the temperature of the floor of the bypocaust depending on the thermal load used.
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through the doorway connecting the two rooms. This
means that the height of the lintel or the arch in these
doorways would have been important in the design of
a bath like this one. In this way, the temperature could
rise by about 5° in just a few seconds [I1. 15].

The model also demonstrated that in a climate like
Granada’s, it was sufficient to heat up just one room,
the hot room, with a furnace and hypocaust so as
to achieve the desired temperature in each room. A
wood consumption of 15-20 kg/h was more than
sufficient to generate the necessary output from the
fire to heat the hot room and indirectly the warm
room. In those cases in which it was necessary to
heat cauldrons of water, with the floor at a tempera-
ture of 100°C, occasional consumption levels of 30

kg/h would have been required.

The two flues taking the smoke away from the fur-
nace have a section of 20x30 cm, which is very effec-
tive for the furnace output range required for the
temperature of the bath. If the furnace output were
higher, the transfer of heat from the combustion gas-
es to the exterior would not be carried out correctly.
The same applies to the length of the draw, which
works perfectly when it extends between 1.5 and 2 m
above the ceiling vaults, but is not so effective when
it is shorter or longer than that.

CREDITS FOR THE ILLUSTRATIONS

* All of the illustrations belong to and were produced

by the authors.

BIBLIOGRAPHIC REFERENCES

* BASARAN, T. & ILKEN, Z. “Thermal analysis of the
heating system of the Small Bath in ancient Phaselis”.
Energy and Buildings, 27/1 (1998), pp. 1- 11.

e BLANCA LOPEZ, L. & RAMOS MOLINA, J. Memo-
ria de intervencion preventiva de los Bafios de Hernan-
do de Zafra de Granada, de Lourdes Blanca Lipez y
Julia Ramos Molina. Granada: unpublished, 2003.

* BURGOS JUAREZ, A. Informe preliminar de la inter-
vencion arqueoldgica realizada en el solar n® 109 de la

calle Elvira de Granada, del arquedlogo Antonio Burgos
Judrez. Granada: unpublished, 23rd February 2004.

BURGOS JUAREZ, A. & PUERTA TORRALBO, D.
Informe técnico de la intervencion arqueoldgica de ur-
gencia realizada en los Barios Arabes de Hernando de
Zafra (Casa de las Tumbas) en Granada, de los ar-
quedlogos Antonio Burgos Judrez y Dolores Puerta Tor-
ralbo. Granada: unpublished, 20th June 2000.

BURGOS JUAREZ, A.; PUERTA TORRALBO, D. &
CABRERA JIMENEZ, E. Avance del informe del segui-
miento de los trabajos arqueoldgicos y de conservacion
en la Casa ne 107 de los Bafios Arabes de Hernando de
Zafra en la calle Elvira de Granada, de los arquedlo-
gos Antonio Burgos Judrez, Dolores Puerta Torralbo y
Eduardo Cabrera Jiménez. Granada: unpublished,
17th December 2004.

CONTRERAS, R. Estudio descriptivo de los monumen-
tos drabes de Granada, Sevilla y Cordoba. Granada:
Imprenta y litograffa de A. Rodero, 1878. Consulted
at https://archive.org/details/estudiodescriptO1lcont-
goog on 23/05/2024.

DUFOUR, A. Simulacion mediante la mecinica com-
putacional de fluidos de escenarios de incendios reales
en recintos industriales. Unpublished PhD thesis.
Barcelona: Escuela Técnica Superior de Ingenieros de
Barcelona, UPC, 2006.

ESPINAR MORENO, A. L. & LOPEZ-OSORIO, ].
M. Anteproyecto de restauracion del Baiio Arabe de
Hernando de Zafra en Granada, de los arquitectos
Antonio Luis Espinar Moreno y José Manuel Lipez
Osorio. Granada: unpublished, 2003.

ESPINAR MORENO, M. Documentos sobre baios
drabes de la provincia de Granada. Libros EPCCM,
col. Bolsillo ne 2. Granada: Grupo de Investigacién
Hum-165: Patrimonio, Cultura y Ciencia Medievales,
2018. http://hdlhandle.net/10481/52588

ESTEBAN, E; ARAMAYO, A. & CARDON, L.
“Implementacién de modelos de turbulencia tipo
LES (Large Eddy Simulation) a una cavidad calentada
por debajo”. In: DVORKIN, E.; GOLDSMITH, M. &
STORTI, M. (eds.). Mecdnica Computacional, vol.
XXIX, Santa Fe: AMCA, 2010, pp. 5537-5549.

GAGLIANO, A; LIUZZO, M.; MARGANL G. &
PETTINATO, W. “Thermo-hygrometric behaviour
of Roman thermal buildings: The Indirizzo Baths
of Catania (Sicily)”. Energy Build, 138 (2017), pp.
704-715.

GALLEGO BURIN, A. Granada. Guia artistica e histori-
ca de la ciudad. Granada: Editorial Don Quijote, 1982.

CUADERNOS DE LA ALHAMBRA | number 54 | 2025 | pages 157-177



At the Alhambra « THE THERMODYNAMICS BEHIND ISLAMIC BATHS: HERNANDO DE ZAFRA’S BATH IN GRANADA

177

GOMEZ MORENO, M. Guia de Granada. Granada: Im-
prenta de Indalecio Ventura, 1892.

JIMENEZ SERRANO, J. Manual del artista y del viajero
en Granada. Granada: Don Quijote, 1846.

LOPEZ-OSORIO, J. M.; LARA GARCIA, J.; GARCIA
GRANADOS, J. A. & GOMEZ GALISTEO, M: T.
Andlisis y estudio histdrico-constructivo del Bario de
Hernando de Zafra de Granada. Patronato de la
Alhambra y Generalife. Universidad de Mlaga. 2024.

KRAROUCH, M, ALLOUHL A; HAMDL H. &
OUTZOURHIT, A. (2024) “Energy, exergy, environ-
ment and techno-economic analysis of hybrid solar-bio-
mass systems for space heating and hot water supply:
Case study of a Hammam building”. Rerewable Energy,
222,(2024) 119941.

MALPICA CUELLO, A. Granada, cindad isldmica: mi-
tos y realidades. Granada: Asukaria Mediterrdnea, 1998.

OETELAAR, T. “CFD, thermal environments, and cul-
tural heritage: Two case studies of Roman baths”. In:
IEEE 16th International Conference on Environment
and Electrical Engineering (EEEIC), Florence, Italy,
2016, pp. 1-6, doi: 10.1109/EEEIC.2016.7555484.

OETELAAR, T;;JOHNSTON, C.; WOOD, D.; HUGHES,
L. & HUMPHREY, J. “A computational investigation
of a room heated by subcutaneous convection- A case
study of a replica Roman bath”. Energy and buildings,
63 (2013), pp. 59-66.

OREHOUNIG, K. & MAHDAVI, A. “Energy perfor-
mance of traditional bath buildings”. Energy and build-
ings, 43 (2011), pp. 2442-2448.

POTIER, S; MALTRET, J. L. & ZOLLER, J. “Computer
graphics: assistance for archaeological hypotheses”. Auto-
mation in Construction, 9 (2000), pp. 117-128.

SEBASTIAN PARDO, E. M. & RODRIGUEZ NAVAR-
RO, C. Estudio de los materiales de construccion de los
Barios de Hernando de Zafra o Casa de las Tumbas de
Granada, de Eduardo M. Sebastidn Pardo y Carlos Ro-
driguez Navarro. Granada: unpublished, November
2001.

SAKINAH, S..;, HAMID, M.;, CHOPRA, P;, BABA, A.
A, SAHIR, A. H., & SWEENEY, D. J. (2021, October).
“Kashmiri Hamam: An exploration of technical design
within traditional architecture and culture”. In: 2021
IEEE Global Humanitarian Technology Conference
(GHTC). Seattle, WA, USA, 2021, pp. 319-326. (pp. 319-
326). IEEE.

SEBASTIAN PARDO, E.; DE LA TORRE LOPEZ, Mz ]J.
& CULTRONE, G. Segundo informe de caracterizacion
de materiales de construccion de los basios Hernando de
Zafra de Granada, de Eduardo M. Sebastidn Pardo,
Maria josé de la Torre Lopez y Giuseppe Cultrone. Grana-
da: unpublished, December 2004.

SECO DE LUCENA, L. Plano de Granada drabe. Grana-
da: Patronato de la Alhambra y el Generalife, 1910.
Consulted at https://www.alhambra-patronato.es/ria/
handle/10514/5481 on 23/05/2024.

SORROCHE CUERVA, M. A. Estudio bistdrico del Basio
de la Puerta de Elvira, de Hernando de Zafra o Casa de
las Tumbas, de Miguel An gel Sorroche Cuerva. Granada:
unpublished, November 2002.

TARMA. Levantamiento de planimetria de los Bafios
de Hernando de Zafra, firmado por la empresa Tarma.
Granada: unpublished, December 2004.

TORMO ESTEVE, S. Las termas mayores de Mura
(Lliria). Estudio aplicado a la funcionalidad hidrica
y térmica de los complejos termales romanos. PhD the-

sis. Valencia: Universitat Politécnica de Valéncia, 2017.
https://doi.org/10.4995/ Thesis/10251/90567

TORMO ESTEVE, S. Funcionalidad hidrica y térmica
de los complejos termales romanos. Las termas mayores de
Mura en Lifria (Valencia). Valencia: Generalitat Valen-
ciana, 2021.

VEGAS, F. & MILETO, C. Andlisis estratigrifico murario
de los Basios Arabes de Hernando de Zafra (Casa de las
Tumbas), en Granada, de los arquitectos Fernando Vegas
y Camilla Mileto. 12 entrega. Granada: unpublished,
November 2001.

VEGAS, F. & MILETO, C. Andlisis estratigrdfico murario
de los Basios Arabes de Hernando de Zafia (Casa de las
Tumbas), en Granada, de los arquitectos Fernando Vegas
y Camilla Mileto. 2¢ entrega. Granada: unpublished,
March 2004.

VIGUERA MOLINS, Mt ]. “Origenes del hammam (‘bafo
drabe’): Significado y funciones”. ALl-Mulk: anuario de estu-
dios arabistas, 17 (2019), pp. 15-30.

VILLANUEVA RICO, Mz. C. Hibices de las mezquitas de
la ciudad de Granada 'y de sus alquerias. Madrid: Instituto
Hispano—Arabe de Cultura, 1961

VORSEVI S.A. Estudio realizado en los Basios Arabes de la
Casa de las Tumbas en Granada, de Vorsevi S.A. Granada:
unpublished, 16th November 2004.

VORSEVI S.A. Reconocimiento de una edificacion. Barios
drabes de Hernando de Zafra (Casa de las Tumbas),

Granada, de la empresa Vorsevi S.A. Granada: unpub-
lished, 31st October 2001.

CUADERNOS DE LA ALHAMBRA | number 54 | 2025 | pages 157-177






